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ABSTRACT

Infrared reflectivity and transmittance measurements (200—5000 cm−1) were carried

out on heavily-doped GaAs:C films grown by molecular beam epitaxy. With increas-

ing carbon concentration, a broad reflectivity minimum develops in the 1000-3000

cm−1 region and the one-phonon band near 270 cm−1 rides on a progressively in-

creasing high-reflectivity background. An effective-plasmon/one-phonon dielectric

function with only two free parameters (plasma frequency ωp and damping constant

γp) gives a good description of the main features of the reflectivity spectra. The

dependence of ω 2
p on hole concentration p is linear. At each doping, the damping

constant γp is large and corresponds to an optical hole mobility that is about half the

Hall mobility at that p. Secondary-ion mass spectroscopy and localized-vibrational-

mode measurements indicate that the Hall-effect-derived hole concentration is close

to the carbon concentration and that the Hall factor is close to unity, so that the Hall

mobility provides a good estimate of the actual dc mobility. Also, analysis shows that,

for our highly-doped samples, the observed dichotomy between the dc and infrared

mobilities is not a statistical-averaging artifact of the approximations involved in the

model. The explanation of the small infrared mobility resides in the influence of

ii



intervalenceband absorption on the effective-plasmon fit, which operationally defines

that mobility via γp.

The optical properties obtained with the use of the effective-plasmon model for

GaAs:C yield a phenomenological, approximate, overall picture of the infrared spec-

tra. But the neglect of intervalenceband transitions, for this p-type semiconductor,

is shown (in this dissertation) to be a serious drawback of this simple model. In

order to obtain the optical properties of GaAs:C in a model-independent way, and to

attempt to resolve the apparent dc/infrared mobility dichotomy, we made use of a

recently-developed spectroscopic-analysis procedure. Using direct numerical-solution

techniques for the reflectance (R) and transmittance (T ) equations of a multilayer

structure, we analyzed our infrared R and T results for highly-doped films having

hole concentrations from 2× 1019 up to 1.4× 1020 cm−3. The optical properties were
determined for photon energies from 0.07 to 0.6 eV, in which region plasmon (in-

traband) and intervalenceband contributions are in competition. Our results for the

optical absorption coefficient resolve two separate peaks located (at high doping) at

about 0.1 and 0.2 eV. (The effective-plasmon model necessarily missed the two-peak

character of the actual absorption spectrum.)

By carrying out theoretical calculations of the intervalenceband (IVB) absorp-

tion processes for our dopings, we identify the peak near 0.2 eV with light-hole

to heavy-hole IVB transitions, and we attribute the lower-energy peak to the hole

plasmon. Our experimental absorption spectra are very well described by a model

combining the intervalenceband contribution to the dielectric function with a plas-

mon contribution. The hole-plasmon parameters ωplasmon and γplasmon that we obtain

for highly-doped p-GaAs yield an infrared mobility which (unlike the too-small IVB-

entangled infrared mobility implied by the use of the usual effective-plasmon model)

is in substantial agreement with the dc mobility. Therefore, in actuality, there is no
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dc/infrared mobility discrepancy. The discrepancy implied by the use of the usual,

standard-operating-procedure, effective-plasmon model is a consequence of the inad-

equacy of that model for p-type semiconductors exhibiting intervalenceband infrared

absorption.

Raman-scattering measurements were carried out on the GaAs:C films. Only the

phononlike coupled plasmon-phonon mode is observed. The non-occurrence of the

plasmonlike mode is due to the large damping of the hole plasmon and the com-

petition with strong Raman scattering by intervalenceband transitions among the

heavy-hole, light-hole, and split-off bands. Analysis of the phononlike coupled mode,

within the framework of the wavevector-dependent Lindhard-Mermin dielectric func-

tion, supports the hole properties that we determined by Hall and infrared studies.

Photoluminescence measurements showed that the split-off band also participates in

the photoluminescence of GaAs:C, giving rise to an above-bandgap emission band

corresponding to transitions from the conduction band to the split-off valence band.
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Chapter 1

Introduction

1.1 Introduction

Carbon is an attractive dopant for p-type GaAs. Recently, a number of growth tech-

niques, including metallo-organic chemical vapor deposition,1—3 metallo-organic vapor

phase epitaxy,4—7 chemical beam epitaxy,8 and molecular beam epitaxy (MBE),3,9—13

have made it possible to achieve carbon-doped thin-film fabrication with hole concen-

trations as high as 1.5× 1021 cm−3 (Ref. 12). C-doped GaAs has been shown to have
advantages over Be-doped and Zn-doped GaAs for applications in devices requiring

p++GaAs layers. These advantages include: higher hole mobilities, indicating less

compensation; 3,4,6,7,10 preferential incorporation on As sites as substitutional accep-

tors, resulting in higher electrical activation; 1,3,8,13 and lower diffusivity.2,9 A notable

application of C-doped GaAs (GaAs:C) is its use in the base region of a heterojunc-

tion bipolar transistor, where it yields a high current gain.6,7,10,11 Most studies on

GaAs:C in the past ten years were devoted to electrical and structural characteri-

zation. A few were conducted to gain fundamental understanding of doping effects

and free carriers, using optical experiments: photoluminescence,14,15 Raman,16,17 and

infrared measurements.15

In this dissertation, we have extensively studied the optical properties of MBE-

grown GaAs:C. The samples are carbon-doped crystalline GaAs thin films grown on
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Chapter 1. Introduction 2

GaAs substrates. The existence of the holes in the carbon-doped layer is, especially at

high carbon concentrations, very evident in our experiments. Infrared measurements

were performed to probe linear optical processes, i.e. reflection and transmission, in

our samples. Infrared absorption was determined from the experimental results of

reflection and transmission. Raman-scattering and photoluminescence experiments

were also carried out.

Infrared reflection and transmission experiments (covering a broad spectral range

from 200 to 5000 cm−1) were carried out on the MBE GaAs:C films in order to directly

observe hole-plasmon excitations as well as their interaction with lattice vibrations.

Raman-scattering experiments are usually used to probe such excitations. But for

p-type GaAs, the higher-frequency (L+) phonon-plasmon mode cannot be observed in

Raman scattering. (At high doping, the L+ mode frequency lies well above the phonon

range and the L+ mode is essentially plasmonlike.) The non-occurrence of the L+ in

the Raman spectrum of p-type GaAs was first reported by Olego and Cardona,18 in

their extensive studies of GaAs:Zn. The same observation (or, more accurately, non-

observation) has been reported for GaAs:Be (Ref. 19), and GaAs:Ge (Ref. 20). Most

recently, the Raman non-occurrence of the L+ has also been reported for GaAs:C

(Refs. 16 and 17). Most of these papers attribute the Raman inaccessibility of the

L+ to large damping of the hole plasmon in p-type GaAs. In the infrared studies

that we report in this thesis, we do indeed confirm the presence of large hole-plasmon

damping. It should be noted, however, that there is another important reason for the

inability of Raman experiments to discern the L+ plasmonlike mode in highly-doped

p-type GaAs. This is the competition with strong, Raman-allowed, intervalenceband

transitions among the heavy-hole, light-hole, and split-off valence bands.17,21 It will

turn out to be the case that intervalenceband excitations also have an important

influence on the infrared optical properties investigated in this dissertation.



Chapter 1. Introduction 3

For photon energies well below the bandgap, the dispersion of the optical dielectric

function in doped GaAs arises from the interactions among photons, phonons, and

plasmons. The Drude model provides the simplest approximation for the contribution,

to the optical dielectric function, of the free-carrier plasma. It has been successfully

applied to n-type GaAs,22—24 in which electrons occupy a single conduction band, us-

ing a single plasmon frequency and damping constant. For p-type material, the free

carriers are holes which populate two different bands, the heavy-hole and light-hole

bands, to different extents in k-space. A complex simulation to treat two plasmas

would involve many parameters of doubtful significance. Intervalenceband transitions

add another complication. We have chosen to take a minimalist approach and treat

the optical intraband processes (optical activity of the holes within the heavy-hole

band and the light-hole band) using the simple Drude form, involving only two free

parameters, the plasma frequency and the damping constant. For intervalenceband

processes among the heavy-hole, light-hole and split-off valence bands, our description

of the contribution of these processes to the experimental optical absorption is based

on Kane’s theory of intervalenceband direct transitions, with one phenomenological

broadening (finite-lifetime) parameter. The distribution of interband transition ener-

gies was determined from the band structure of GaAs, using reported band-structure

parameters in the context of k · p theory.
The dissertation is organized as follows. Chapter One provides essential knowl-

edge for a construction of the valenceband structure of GaAs. This includes a concise

version of k · p perturbation theory, along with Kane’s band-structure formulation
and the justification for applying his results to a zincblende-structure semiconductors

such as GaAs. Mathematical averaging of the heavy-hole and light-hole mobilities

is also discussed, in preparation for the later discussion of the optical (infrared) and

Hall-effect mobilities. It is also used later for our quantitative analysis of the lower-



Chapter 1. Introduction 4

frequency plasmon-LO-phonon mode (L−) observed in our Raman measurements.

Chapter Two contains the formulation of the reflectivity (R) and transmittance (T )

equations for a film-on-substrate sample structure. Following this, plasmon and in-

tervalenceband components of the infrared dielectric function for GaAs:C are theoret-

ically established. Chapter Three presents the first part of our infrared study. This

includes experimental details (section 3.1) and the experimental reflectivity, transmit-

tance, and absorptance spectra for thirteen GaAs:C samples. Without consideration

of intervalenceband processes, we applied the traditional analysis of free carriers to our

experimental spectra for GaAs:C, using the Drude-term effective-plasmon dielectric

function. Although the effective-plasmon dielectric function gives a reasonably good

account of the observed absorption data, with a broad, featureless, low-energy absorp-

tion maximum appearing at high doping, the difference between the effective-plasmon

optical mobility (deduced from the plasmon damping) and the dc (Hall) mobility is

substantial, and it is unexplainable (despite a reported claim to the contrary) by a

consideration of the hole statistics. Calculations based on the k · p theory of inter-
valenceband transitions indicate that such transitions contribute significantly to the

observed infrared absorption. This subject is discussed at the end of the chapter.

We pursue the role of intervalenceband transitions in Chapter Four. This chapter

reports a model-independent experimental determination of the optical properties of

the GaAs:C film-on-substrate samples, using a recently-developed numerical-solution

technique for handling the nonlinear R and T equations of an [air/film/substrate/air]

structure. At each wavelength, this technique uses the measured (R, T ) values to de-

termine (n, k), the refractive index and extinction coefficient. (n, k) then determine

the other optical properties, including the optical absorption coefficient α. In addition

to providing a direct path from the experimental data to the optical properties of the

film (without an intervening model dielectric function), the technique is also found to
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be useful for providing, as a valuable by-product, an accurate independent estimate of

the film’s thickness. The resulting experimental spectra reveal, for the optical prop-

erties of heavily-doped p-GaAs films, two separate peaks in α(hν). To our knowledge,

purely experimental α(hν) for highly-doped p-GaAs is first reported here. By carrying

out band-structure calculations of the intervalenceband (IVB) absorption processes,

we identify the higher-energy peak near 0.2 eV (for our sample having the highest

hole concentration) with light-hole to heavy-hole IVB transitions, and we attribute

the low-energy peak near 0.1 eV to the hole plasmon. The hole-plasmon parameters

that we obtain for highly-doped p-GaAs yield an infrared mobility which (unlike the

optical mobility deduced from the IVB-entangled effective-plasmon parameters) is in

substantial agreement with the dc (Hall) mobility. Chapter Five provides experi-

mental results of Raman and photoluminescence measurements. The shape of the L−

line in the Raman spectra is well explained by the use of the wavevector-dependent

Lindhard-Mermin dielectric function, using the known phonon properties and our

infrared-deduced hole-plasmon properties of GaAs:C. Chapter Six summarizes our

optical studies of GaAs:C. Further investigations of intervalenceband processes par-

ticipating in Raman scattering and photoluminescence are suggested for future study.

1.2 Valenceband structure by k·p perturbation theory

In solid state physics, the simplest band-structure picture is introduced in a quan-

tum mechanical problem, with periodic boundary conditions, for a free electron in

a pretend constant potential V0. We learn, by solving the Schrödinger equation of

the electron in a crystal of volume L3, that its plane-wave solutions L−3/2eik·r and

its allowed energies E(k) = ~2k2/2m + V0 correspond to the discrete wavevectors

k = 2π(nx, ny, nz)/L labeled by the integers nx, ny, and nz. Folded into the first Bril-
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louin zone via translation of k by reciprocal lattice vectors g, the extended parabolic

E-k dispersion is converted into the energy bands of the free electron in this constant-

potential empty-lattice model.

The problem becomes more realistic when a periodic potential V (r) from the

crystal atoms is explicitly considered. In general, a single-electron wavefunction ψk =

eik·ruk is expressed by a plane-wave part and a cell-periodic part that possesses the

crystal periodicity. This is the Bloch theorem. Upon constructing the band structure

from E(k), different approaches to band-structure calculation 25 are used to identify

Bloch functions of the one-electron Schrödinger equation

·
p2

2m
+ V (r)

¸
ψk = Ekψk. (1.1)

The pseudopotential method 25—27 makes use of reciprocal lattice vectors g to

express the periodic potential V (r) as a superposition of Fourier series eig·r, and the

wavefunction is similarly represented by a combination of plane waves ei(k+g)·r. In a

different view, the existence of energy bands is intuitively understood by considering

a collection of isolated identical atoms (or group of atoms) put together in a periodic

arrangement to form a crystal. The atomic orbitals (s, p, d, . . .) overlap and thus the

interaction among the atoms renormalizes the atomic states and the corresponding

atomic energies to form the energy band. Therefore, the Bloch functions of the

electron may be expressed as a linear combination of the atomic orbitals (LCAO)

incorporated with plane-wave functions which give the translational symmetry of the

crystal. This approach is referred to as the LCAO (or the tight-binding) method.25—27

By means of the orthogonality of the basis functions chosen, the Schrödinger equation

can be solved for ψk and Ek in the pseudopotential and LCAO methods.

The k · p perturbation method 25—27 is also well known in energy band theory. In
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this approach, the kinetic energy of the electron may be considered to be made up

of three portions: (1) ~2k2/2m, the free-electron energy contribution from the plane-

wave part of the Bloch function; (2) p2uk/2m, the contribution from the cell-periodic

part; and (3) (~k/m) ·p, the cross product between the plane-wave and cell-periodic
momenta. This last portion is treated as a perturbation, using the energy levels at

k=0 as the starting point.

Valenceband structures of diamond-type (group-IV) and zincblende-type (group-

III-V) semiconductors have been obtained by the k · p perturbation for which a
small-k approximation has been made, yielding the well-known Dresselhaus energy-

wavevector dispersions 27,28

Ehh,lh = Ak2 ± £B2k4 + C2(k2xk2y + k2yk2z + k2zk2x)¤1/2 (1.2)

Eso = −∆so +Ak
2 (1.3)

As part of our investigation of the infrared optical properties of GaAs:C, we have

carried out valenceband calculations for the analysis of intervalenceband hole absorp-

tion in p-type GaAs, using the form of E-k dispersion proposed by Kane in his work

on the band structure of p-type Ge and Si.29 Although Kane’s derivation of the va-

lenceband energies was for diamond-type semiconductors, his treatment of the k · p
perturbation can also be adopted for GaAs and other zincblende-type semiconductors,

due to the high degree of similarity between the diamond and zincblende structure.

(The main difference is that the zincblende structure lacks the inversion symmetry

possessed by the diamond structure.) It is noteworthy to address, for the selection

rules of the k · p perturbation in zincblende-type crystals, symmetry requirements
that lead to a band structure similar to that of diamond-type crystals. Here we start

with the Schrödinger equation containing the perturbation Hamiltonian (~/m)k · p
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for the cell-periodic part, labeled by wavevector k and band index n·
p2

2m
+
~2k2

2m
+
~
m
k · p+ V (r)

¸
unk = Ekunk. (1.4)

At the zone center where k = 0, the quantities un0 are taken as the unperturbed func-

tions forming the basis for unk; the energies En0 are the corresponding unperturbed

energies or the band-edge energies. In first-order approximation, the complete set of

the unperturbed states represents unk as

unk = un0 +
X
j

(~/m)
huj0|k · p |un0i
En0 − Ej0 uj0. (1.5)

Without spin-orbit interaction (this important effect will be considered later), the

valence bands at the zone center are triply degenerate (accommodating sixfold de-

generate states of opposite spin). Having symmetry character identical to the atomic

p orbitals, the degenerate states uv0 can be represented by |xi, |yi, and |zi and thus
transform as three vector components x, y, and z under the symmetry operations of

the tetrahedral (Td) group. (Rotations by 120 degrees with respect to h111i axes, for
example, are members of the Td group.) This character belongs to the Γ4 irreducible

representation of the Td group. The momentum p also belongs to Γ4. (Diamond-type

crystals have cubic symmetry, and for these the degenerate uv0 have even parities;

they are invariant by inversion and transform as the basis functions xy, yz, and zx

of the Γ025 irreducible representation while the odd-parity p belongs to Γ15.)

In this |xii basis that spans three-dimensional space, uv0 is then represented by a
vector a each of whose components is the projection of the unperturbed function uv0

on each of the |xii: ai = hxi|uv0i. Perturbation theory applied to such degenerate
states gives

Ha = E0vka, (1.6)
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where each element of the matrix H is determined by

Hij =
~
m
hxi|k · p |xji

+
X
c

~
m

hxi|k · p |uc0i huc0|k · p |xji
Ev0 − Ec0 . (1.7)

Once diagonalized by a, H yields the valenceband energy Ev(k) = ~2k2/2m + E0vk
that is correct to second order in k · p.
Group theory allows one to determine selection rules for the k ·p matrix elements

in Eq. (1.7) due to the requirement that every matrix element must not defy the sym-

metry of the crystal, unless it vanishes. A product of Γ4-type elements is decomposed

according to Γ4 × Γ4 = Γ1 + Γ3 + Γ4 + Γ5; therefore group theory generally suggests

that the momentum p can couple the Γ4-type valenceband states to the nearest Γ1-

or Γ4-type conductionband states. By plain observation of the symmetry necessary

for zincblende structure, it can be shown that 27 three nonvanishing matrix elements

(nine allowed matrix elements including those that are equivalent by symmetry) are

hx| px |1i ≡ iP , hx| py |zi = hx| pz |yi ≡ iQ. Although not violating the symmetry,

the k linear term in Eq. (1.7) coupling the unperturbed valenceband states must not

exist because a transform of such a term by a reflection with respect to {110} planes
and by partial integration self-contradict.30 By the selection rules so described for

zincblende-type crystals, H can be written as

H =


Lk2x +M(k

2
y + k

2
z) Nkxky Nkxkz

Nkxky Lk2y +M(k
2
z + k

2
x) Nkykz

Nkxkz Nkykz Lk2z +M(k
2
x + k

2
y)

 , (1.8)

We note that the slightly different selection rules owing to inversion symmetry in the

diamond structure bring about an identical matrix form for H.28,29 Thus group-IV

(Ge and Si, for example) and III-V (GaAs, for example) semiconductors have similar
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qualitative band structures determined by the three band-structure parameters L,

M ,and N (and also by the spin-orbit splitting ∆so).

Spin-orbit interaction contributes, to the Hamiltonian of unk in Eq. (1.4), a k-

independent term H1 = (~/4m2c2)(∆V × p) · σ as well as a small linear-k term

H2 = ~k · (~/4m2c2)(σ × ∆V ).30 We can neglect the linear-k term (H2 ∼ Ck)

since it is expected to be less important than ∆so from the first term [for GaAs,

C(2π/a)/∆so ∼ 1%, from Ref. 31]. Without H2, the consideration of spin-orbit

interaction for the unperturbed degenerate valenceband states is then straightforward.

The spin-orbit perturbationH1 partially removes the sixfold degeneracy of the spin-up

states |xii+ and spin-down states |xii− by renormalization of the unperturbed states
into fourfold degenerate states with the same angular quantum number l = 3/2

φ1 = − |xi
+

√
2
− i |yi

+

√
2
, (1.9)

φ2 = − |xi
−
√
6
− i |yi

−
√
6
+

r
2

3
|zi+ , (1.10)

φ3 = − |xi
−
√
2
+ i
|yi−√
2
, (1.11)

φ4 =
|xi+√
6
− i |yi

+

√
6
+

r
2

3
|zi− , (1.12)

and twofold degenerate states with l = 1/2

φ5 = − |xi
−
√
3
− i |yi

−
√
3
− |zi

+

√
3
, (1.13)

φ6 =
|xi+√
3
− i |yi

+

√
3
− |zi

−
√
3
. (1.14)

The l = 3/2 states belong to the heavy-hole (hh) and light-hole (lh) bands; the l = 1/2

states belong to the spin-orbit split-off (so) band. Corresponding to the eigenenergies

of φ5 and φ6 of the spin-orbit interaction operator, the band-edge energy of the so

band is downshifted, relative to the top of the hh and lh bands, by the spin-orbit

splitting ∆so.
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We note that the phases of the renormalized φi are not unique. Kane used uncon-

ventional ones for the purpose of mathematical simplification of the matrix H. With

respect to Kane’s basis functions φi formed by the order (1, 2, 5, 3, 4, 6), the k · p
perturbation matrix is given by

H =

"
G Γ

−Γ∗ G∗

#
, (1.15)

where

G =


H11+H22

2
−H13+iH23√

3
H13−iH23√

6

−H13−iH23√
3

H11+H22+4H33√
6

H11+H22−2H33
3
√
2

H13+iH23√
6

H11+H22−2H33
3
√
2

H11+H22+H33
3

−∆so

 (1.16)

and

Γ =


0 −H11+H22+2iH12

2
√
3

−H11+H22+2iH12√
6

H11−H22−2iH12
2
√
3

0 H13−iH23√
2

H11−H22−2iH12√
6

−H13+iH23√
2

0

 . (1.17)

We note that, as discussed above, the spin-orbit interaction energy ∆so is added

directly to the matrix elements H33 and H66 for the l = 1/2 states.

For any given k, the valenceband energies E(k) can be solved numerically from the

sixth-order secular equation det [H+ ~2k2/2mI− E(k)I] = 0, where H is determined

by Eqs. (1.15)—(1.17). For ease of solving the eigenenergy secular equation, Kane

carried out further matrix transformations and was able to obtain the third-order

secular equation,29

H 0
11H

0
22H

0
33 + 2H12H23H13

−H 0
11H

2
23 −H 0

22H
2
13 −H 0

33H
2
12

−∆so

3

¡
H 0
11H

0
22 +H

0
11H

0
32 +H

0
22H

0
33 −H2

12 −H2
13 −H2

23

¢
= 0. (1.18)

Hij are given by Eq. (1.8) and H
0
ii = Hii+ ~2k2/2m−Ev(k). With the known values

of ∆so and (L,M,N), Eq. (1.18) allows us to derive analytic expressions for E(k) for

the hh, lh, and so bands.
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Using Eq. (1.18), we have derived E-k relations for three directions of wavevector

k:

(1) along the h100i axes, using k = k h100i

E100hh =
~2k2

2m
+Mk2, (1.19)

E100lh,so =
~2k2

2m
+

µ
M + L

2

¶
k2 − ∆so

2

±1
2

·
∆2
so + (L−M)2k4 +

2

3
∆so(L−M)k2

¸1/2
; (1.20)

(2) along the h111i axes, using k = k h111i /√3

E111hh =
~2k2

2m
+

µ
L+ 2M −N

3

¶
k2, (1.21)

E111lh,so =
~2k2

2m
+

µ
2L+ 4M +N

6

¶
k2 − ∆so

2

±1
2

·
∆2
so +N

2k4 +
2

3
∆soNk

2

¸1/2
; (1.22)

(3) along the h110i axes, the third-order secular equation, Eq. (1.18), cannot be
factored into a linear term and a quadratic term as for the h100i and h111i directions;
however the hh, lh, and so band energies are generally determined by

E110hh,lh,so = ~2k2/2m+ ε1,2,3, (1.23)

where ε1,2,3 are the roots of a cubic equation ε3 + a2ε
2 + a1ε+ a0 = 0:

32

ε1 = s1 + s2 − a2/3

ε2 = −(s1 + s2)/2− i
√
3(s1 − s2)/2− a2/3

ε3 = −(s1 + s2)/2 + i
√
3(s1 − s2)/2− a2/3

s1,2 = (R± S)1/3
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R = a1a2/6− a0/2− a32/27

S = (Q3 +R2)

Q = a1/3− a22/9 (1.24)

Using k = k h110i /√2 and rearranging Eq. (1.18) to the cubic equation above, we
identify

a2 = ∆so − (L+ 2M)k2

a1 =
£
(L+M)2 −N2 + 4M(L+M)

¤
k4/4− 2∆so(L+ 2M)k

2/3

a0 = ∆so

£
(L+M)2 −N2 + 4M(L+M)

¤
k4/12

− £(L+M)2 −N2
¤
Mk6/4. (1.25)

This procedure can also be used to determine analytic energy solutions for an arbitrary

k.

In a small-k limit, where the k · p perturbation between the hh/lh band and the
so band is less important than the spin-orbit splitting, the matrix elements between

the l = 3/2 and l = 1/2 states may be neglected. This approximation results in two

decoupled secular equations, one of which (derived from a 4× 4 matrix determinant)
is reducible to two identical quadratic equations yielding Eq. (1.2) for the near-zone-

center heavy-hole and the light-hole E-k dispersions. Derived from a 2 × 2 matrix
determinant, the other secular equation gives Eq. (1.3), the near-bandedge Eso.

1.3 Experimentally-determined band-structure parameters

The valenceband structure of GaAs has been extensively investigated, theoretically

and experimentally. There have been many experiments that have been carried out

in order to determine the band-structure parameters of k · p theory. One of the
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most important of these experiments is cyclotron resonance. The quantum theory

of cyclotron resonance was developed by Luttinger 33 in parallel to the k · p energy-
band theory. Experimentally, cyclotron masses are obtained from measurements of

the cyclotron resonance frequency in an applied magnetic field. A measured value

of the cyclotron mass represents a free-carrier effective mass for motion in the plane

normal to the direction of the magnetic field. One can extract the k · p parameters
from a set of cyclotron masses measured for different normal planes.28,34,35 Other ex-

periments include magneto-optical (exciton) absorption,36—39 piezo-intervalenceband

absorption,40 intersubband (hole) transitions in GaAs/AlAs multiple quantum wells,41

and spectroscopy of shallow acceptors (C, Mg, Zn).42 Determined from these mea-

surements, Luttinger’s dimensionless parameters γ1, γ2, and γ3 (originally introduced

in the quantum cyclotron-resonance theory) and Dresselhaus’ parameters A, B, and

C (near-zone-center band parameters in the k ·p theory) have been customarily used
to represent the warped E(k) energy surfaces of the heavy-hole (hh) and light-hole

(lh) bands and the spherical energy surface of the split-off (so) band, as modeled by

Eqs. (1.2) and (1.3). The conversions from Luttinger’s and Dresselhaus’ to Kane’s

parameters 28,43

L = A+ 2B − 1 = −(γ1 + 4γ2 + 1)~2/2m
M = A−B − 1 = −(γ1 − 2γ2 + 1)~2/2m
N = −3(B2 + C2/3)1/2 = −6γ3~2/2m

(1.26)

allow us to make use of a recent compilation of experimentally-derived Luttinger

parameters given in Ref. 11.

Here in Table 1.1, we present those data in terms of L,M , and N . Having derived

the effective masses m(100) and m(111) in the (100) and (111) planes, respectively, from

the values of L, M , and N , using expressions for m(100) and m(111) given in Ref. 34,
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Table 1.1: Band-structure parameters L,M,N for GaAs experimentally determined

from many kinds of experiments. The two double columns contain the near band-

edge effective mass in the (100) plane, m(100), and its degree of anisotropy, δ, for

the heavy-hole (hh) and the light-hole (lh) bands. The last column gives the near

band-edge isotropic effective mass of the split-off (so) band.

L,M,N m
(100)
hh δhh m

(100)
lh δlh mso

(~2/2m) (m) (%) (m) (%) (m)

Skolnick et al. a −16.98,−3.48,−17.28 0.51 31 0.083 -4 0.14

Pfeffer et al. a −18.64,−3.88,−19.80 0.46 39 0.075 -4 0.13

Vrehen et al. b −18.20,−3.20,−15.00 0.45 0 0.082 0 0.14

Ekardt et al. b −17.45,−3.35,−18.00 0.55 35 0.082 -4 0.14

Said et al. b −16.80,−3.90,−18.30 0.47 43 0.082 -5 0.14

Neumann et al. c −19.69,−2.41,−17.46 0.72 2 0.077 0 0.14

Balslev d −16.89,−3.21,−17.28 0.58 34 0.084 -4 0.15

Shanabrook et al. e −15.40,−4.00,−16.38 0.44 35 0.089 -5 0.15

Binggeli et al. f −16.18,−4.06,−17.46 0.43 38 0.084 -5 0.14

a Cyclotron resonance, Refs. 34 and 35

b Magneto-optical absorption, Refs. 36 and 37

c Two-photon magnetoabsorption, Ref. 39

d Intervalenceband piezoabsorption, Ref. 40

e Intersubband Raman scattering in GaAs/AlAs multiple quantum wells, Ref. 41

f Acceptor absorption, Ref. 42
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we determined the quantity δ= [m(111)−m(100)]/m(100) and used it as a measure of

anisotropy for the heavy-hole and light-hole bands. (In cyclotron-resonance experi-

ments, δ is naturally determined from the observed cyclotron masses obtained with

the magnetic field applied along the h100i and h111i axes of GaAs.34) From the results
of Table 1.1, we see that all data agrees well (within the deviation of 4%) for mso, the

effective mass of the spin-orbit split-off band. This is probably due to the isotropy of

this band expected from k ·p theory, i.e. Eq. (1.3). The results for the light-hole band
also shows some consistency in terms of the small anisotropy (δ∼ 0 or L∼M+N).
But severe disagreement occurs for the heavy-hole band. It seems to arise from the

complication of the warped energy surface. The deviation of about 20 percent among

m
(100)
hh values is considerable. Although, apart from the group, the data of Vrehen et

al.36 and Neumann et al.39 suggest band isotropy, we believe that the heavy-hole band

is more likely anisotropic based on the following evidence: (1) the cyclotron masses

measured by Skolnick et al.34 are sensitive to the direction of the applied magnetic

field and (2) the observed intervalenceband absorption by Balslev 40 is sensitive to the

direction of the applied stress. These observations are consistent with anisotropy of

the heavy-hole band, which would be responsible for the observations changing with

the direction of the perturbing force.

To really see the GaAs band structure, we plotted E-k dispersions given by

Eqs. (1.19) and (1.20) for k k h100i and by Eqs. (1.23)—(1.25) for k k h110i, us-
ing, as an example, the band parameters reported by Ekardt et al.37 The resulting

energy-wavevector curves are shown in Fig. 1.1 for the heavy-hole, light-hole, and

split-off bands. The hh and so curves appear close to parabolic in k whereas the lh

one exhibits clear nonparabolicity. Plotted in the (001) plane of kz=0, the correspond-

ing surfaces of the hh and lh bands at energy 20 meV below the doubly degenerate

band edge are also shown in Fig. 1.1. The constant energy surface of the light-hole
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Figure 1.1: Energy of electronic states in the heavy-hole (hh), light-hole (lh), and

split-off (so) valence bands (a.k.a. bands 1, 2, and 3 in this dissertation) in GaAs

as a function of wavevector k in the h100i and h110i directions. The vertical arrow
shown on the left side represents a lh→hh electronic interband transition of the type
to be discussed in detail later in this thesis. The valenceband structure is plotted here

for about 15% of the Brillouin zone radius (2π/a). In the lower part of the figure,

the warped constant-energy surface of the heavy-hole band, and the closely-isotropic

constant-energy surface of the light-hole band, are shown in the (001) plane at an

energy of -0.020 eV.
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band is quite spherical while that of the heavy-hole one is warped.

From his consideration on the statistics of the light-hole and heavy-hole effective

masses and the dependability of the data reported in various experiments, including

those of Table 1.1, Blakemore 44 suggested that the values

m∗hh = 0.50m

m∗lh = 0.088m (1.27)

properly sphericalized the heavy-hole and light-hole energy surfaces as well as parab-

olized the E-k relations. This kind of mass is referred to as the directionally-

averaged density-of-state mass representing the density of states in a given band,

g(E) = (21/2/π2~3)(m∗)3/2E1/2. Blakemore’s consensus values of m∗hh and m∗lh are

those most commonly employed. They are of great importance for the interpretation

of electronic and optical phenomena in GaAs that arise jointly from the heavy and

the light holes participating in the processes among the heavy-hole and the light-hole

bands, thus involving all components of the mass tensors of these two valence bands.

1.4 Mobilities: two-band transport theory and Hall effect

Mobility is a measure of the drift velocity (or steady-state velocity) acquired by

charge carriers in an electric field. In p-type diamond and zincblende semiconductors,

conductivities of the heavy and light holes add up to give the total conductivity;

σ=σhh+σlh. Connected to σ by σ= peµ, the drift mobility µ is the average of heavy-

and light-hole mobilities weighted by their importances;

µ =
phhµhh + plhµlh
phh + plh

. (1.28)

Concentrations of the heavy and light holes phh and plh correspond to the density of

empty states in the heavy- and light-hole bands, respectively. For simple band energies
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(E= ~2k2/2m∗), p is proportional to (m∗)3/2, and one is justified to approximate (with

negligible incurred error) phh/plh=α3/2, where α is the mass ratio mhh/mlh, provided

that the proper density-of-state masses are used. The mobility can thus be written

as

µ =

µ
α3/2β + 1

α3/2 + 1

¶
µlh (1.29)

in terms of the mass ratio α and the mobility ratio β=µhh/µlh.

Scattering of free carriers by lattice vibrations and impurities limits the drift mo-

bility. The average relaxation time is determined by the most effective scattering

mechanisms. In intrinsic semiconductors, impurity scattering is much scantier than

lattice scattering at room temperature, but at low temperature it is promoted be-

cause the lattice scattering loses its importance. In heavily-doped p-GaAs at room

temperature, scattering by ionized impurities (II) dominates so that the hole drift

mobility is crudely estimated by 1/µ∼ (1/µlattice+1/µII)∼ 1/µII.
In the Hall effect (free carriers drifted through built-up static electric field and

external low magnetic field), the Hall mobility µHall is determined as RHσ, where RH

is the Hall constant (or Hall coefficient). Hall-effect theory gives 45

µHall =
phhµ

2
hhrhh + plhµ

2
lhrlh

phhµhh + plhµlh
. (1.30)

Even in the case of a single type of carrier (for example, plh=0), the Hall mobility may

differ from the hole drift mobility. It all depends on the quantity r≡ ζ hτ 2i / hτi2, the
combined factor arising from the relaxation-time (τ) distribution of free carriers and

the anisotropy of material. [For degenerate free carriers (hτ 2i≈hτi2) in an isotropic
material (ζ=1), µ=µHall.]

Wenzel et al.46,47 commented that even in the r=1 approximation the Hall and

hole drift mobilities are not necessarily consistent in a p-type semiconductor. We

follow this by showing the Hall-mobility equation corresponding to Eq. (1.29) for the
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drift mobility,

µHall =

µ
α3/2β2 + 1

α3/2β + 1

¶
µlh. (1.31)

By comparing the two equations, we see that, for two types of carriers, the mobil-

ity ratio β is responsible for the difference between the drift mobility and the Hall

one. Wenzel et al.46,47 pointed out that in the case of decoupled bands (i.e., when

it is rare for a hole to be scattered out of its band to the other band), µhh/µlh

for ionized impurity scattering is approximated by the inverse of the square root

of the mass ratio,48,49 β(II)∼α−1/2, and consequently µ≈µHall. For heavily-doped
p-GaAs, ionized impurity scattering has been identified as the dominant scattering

mechanism.3,46,47,50 Using mhh=0.50m and mlh=0.088m (the directionally-averaged

density-of-state masses),44 β is then 0.42 and it follows from Eqs. (1.29) and (1.31)

that µ=0.46µlh and µHall=0.51µlh. Wiley
48 suggested that since the light-hole mobil-

ity limited by ionized impurity scattering is not high enough (µlh≈ 2.4µhh) to com-
pensate for its low concentration (plh≈ 0.07phh), the main quantity controlling the
overall drift mobility is the heavy-hole mobility. And we see in a similar manner that,

considering the different weights of contribution, the main quantity controlling the

overall Hall mobility is the heavy-hole Hall mobility. Both µ and µHall can then be

roughly estimated by µhh.

In general, it requires a large mobility ratio, nondegeneracy of free carriers, and

anisotropy of material for Hall mobility to be appreciably different from the actual

drift mobility. These factors are absorbed in Hall factor rHall, the ratio of Hall to drift

mobilities.

The average relaxation times of the heavy and light holes can be determined sepa-

rately by cyclotron resonance measurements. Unfortunately, those data, to our knowl-

edge, are available only for lightly-doped p-GaAs.34 For highly-doped p-GaAs, the
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infrared reflectivity and transmittance measurements reported here, and their analy-

ses for hole-plasmon absorption, provide estimates of average hole relaxation times,

hole drift mobilities, and hole concentrations. The infrared results show whether or

not Hall-derived hole concentrations and Hall mobilities can be used also as real hole

concentrations and mobilities for highly-doped p-GaAs.



Chapter 2

Infrared spectroscopy on

multilayer thin films

2.1 The R and T equations for a multilayer structure

Reflectivity R and transmittance T are macroscopic optical properties connected to

the underlying optical constants n and k (refractive index and extinction coefficient,

respectively) of a semiconductor. The geometry of the semiconductor sample as

well as the angle of incidence and the polarization of light, can influence R and T

complicatedly. A bulk semiconductor (or substrate) whose thickness well exceeds the

light penetration depth (so that the light disappears in the bulk and no reflected beam

returns from the back) can be treated as semi-infinite. Reflectivity is then determined

solely by the [air/substrate] interface. In the case of normal incidence, the reflectivity

equation for the [air/substrate] structure is simply given by 27

R =
(n− 1)2 + k2
(n+ 1)2 + k2

. (2.1)

It is determined only by the optical constants (n, k) and does not depend on sample

geometry. In heavily-doped GaAs, free carriers play a major role in the response to

light in the infrared regime (200—5000 cm−1) and manifest themselves in the form of

a plasma edge in the reflectivity spectrum, a dropoff (with increasing frequency or

22
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photon energy) followed by a minimum in reflectivity, Rmin. The free-carrier concen-

tration determines the plasma-edge frequency (the frequency corresponding, roughly,

to the reflectivity dropoff preceding Rmin) via the optical constants n and k. From

this simple R equation, the determination of free-carrier concentration can be made

straightforwardly from plasma-edge measurements carried out on bulk samples,51,52

particularly from Rmin when n=1. But for a film-on-substrate structure, that is

[air/film/substrate/air] structure, such as our MBE GaAs:C films (350—750 nm) on

substrates (0.635 mm), the plasma-edge frequency is greatly affected by multiple re-

flections and transmissions of light within the film and the substrate, and thus very

nonlinearly depends on the optical constants and the thicknesses of the film and

the substrate. This removes the simple connection of the plasma-edge frequency to

the free-carrier concentration. To optically obtain the free-carrier properties in the

multilayer structure, it is necessary to obtain the experimental reflectivity R and/or

transmittance T spectra in the spectral region in which the effect of free carriers can

be observed and quantitatively analyzed. It also requires numerical-analysis tools,

such as nonlinear least-squares fit methods and direct numerical-solution techniques

to cope with the nonlinear equations for R and T.

The intensity-transfer matrix method (ITMM) has been adopted to formulate R

and T equations for multilayer structures such as semiconductor epilayers, multiple

quantum wells, superlattices, etc. It provides the appropriate way to average out the

very closely-spaced interference fringes arising from the optically thick substrate layer;

since these fringes are too close together to be resolved in practice. Treating light as

incoherent only in the substrate, the ITMM method transfers light intensity by the

relevant reflection and transmission coefficients at the interfaces and the attenuation

factor corresponding to its passage through the material.

Figure 2.1 illustrates the six ITMM coefficients involved in the [air/film/substrate/
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Figure 2.1: Schematic diagram of the [air/film/substrate/air] structure, illustrating

the notations used for the intensity-transfer matrix method.
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air] structure: Ra and Ta are the reflection and transmission coefficients for light

entering the film from the air side (from the left in Fig. 2.1), R
0
a and T

0
a are the

corresponding reflection and transmission coefficients for light entering the film from

the substrate side, Rb and Tb are the reflection and transmission coefficients at the

substrate/air interface. The attenuation factor e−2αsubD, expressed in terms of the

substrate’s absorption coefficient αsub and the substrate’s thickness D, gives the in-

tensity attenuation produced by absorption when light travels by the distance 2D

within the substrate from the film/substrate interface to the substrate/air interface,

and back again. The reflectivity and transmittance of the full [air/film/substrate/air]

structure are given by 53—56

R = Ra +
T 0
aRbTae

−2αsubD

1−R 0
aRbe

−2αsubD , (2.2)

T =
TaTbe

−αsubD

1−R 0
aRbe

−2αsubD . (2.3)

The first term in Eq. (2.2) is equivalent to the reflectivity of a thin absorbing film

on an opaque substrate, i.e. the [air/film/substrate] structure,22,57—59 and the second

term is derived from the sum of a geometric series of multiple reflections across the

substrate. Rb and Tb are equivalent to the reflectivity and transmittance for the

[substrate/air] structure, given by

Rb = |(nsub − 1)/(nsub + 1)|2 ,

Tb = |2nsub/(nsub + 1)|2 /Re(nsub). (2.4)

Here nsub denotes the complex reflective index of the substrate. Unlike the substrate,

the small thickness d of the film leads to well-spaced interference fringes which are usu-

ally observed at experimental instrumental spectral resolutions. Thus light is treated

as coherent in the thin film. The reflection coefficient Ra and transmission coefficient
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Ta can be obtained by solving Maxwell’s equations for plane electromagnetic waves

with the boundary conditions of electric/magnetic field components at the air/film

and film/substrate interfaces: 55 1

r02

 =

 1/t01 r01/t01

r01/t01 1/t01

 e−iφ1 0

0 eiφ1

 1/t12 r12/t12

r12/t12 1/t12

 t02

0


(2.5)

The subscripts 0, 1, and 2 refer to air, film, and substrate respectively. r02 and t02

are the field component ratios Er0(z=0)/E
i
0(z=0) and E

t
2(z=d)/E

i
0(z=0), respectively.

Er2(z=d) is set to zero for light propagating from the (semi-infinite) substrate to the

film.

Ra and Ta are the intensity ratios given byRa=|r02|2 and Ta=[Re(n2)/Re(n0)]|t02|2.
The inverse of the first matrix on the right side of Eq. (2.5) transforms the fields

Ei0(z=0) and E
r
0(z=0) across the air/film interface, then the inverse of the second ma-

trix changes their phases by ±φ1=±(ω/c)n1d for passing through the film thickness d,
and the inverse of third matrix further transforms the fields across the film/substrate

interface. For normal angle of incidence, the Fresnel’s coefficients rij and tij appearing

in the transformation matrices are (ni-nj)/(ni+nj) and 2ni/(ni+nj), respectively.
55

It follows from Eq. (2.5) that

r02 =
r01 + r12e

2iωn1d/c

1 + r01r12e2iωn1d/c
, (2.6)

t02 =
t01t12e

iωn1d/c

1 + r01r12e2iωn1d/c
. (2.7)

This yields, in terms of complex reflective indices n and nsub of the film and the

substrate,

Ra =

¯̄̄̄
(1− n)(n+ nsub) + (1 + n)(n− nsub)e2iωnd/c
(1 + n)(n+ nsub) + (1− n)(n− nsub)e2iωnd/c

¯̄̄̄2
, (2.8)

Ta = Re(nsub)

¯̄̄̄
4neiωnd/c

(1 + n)(n+ nsub) + (1− n)(n− nsub)e2iωnd/c
¯̄̄̄2
. (2.9)
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For light propagating across the film in the reverse direction (2→1→0), the same
formulation of the reflection and transmission coefficients described above can be used

by replacing the subscripts 01 with 21, and 12 with 10. This yields

R 0
a =

¯̄̄̄
(1 + n)(n− nsub) + (1− n)(n+ nsub)e2iωnd/c
(1 + n)(n+ nsub) + (1− n)(n− nsub)e2iωnd/c

¯̄̄̄2
, (2.10)

T 0a =
1

Re(nsub)

¯̄̄̄
4nnsube

iωnd/c

(1 + n)(n+ nsub) + (1− n)(n− nsub)e2iωnd/c
¯̄̄̄2
. (2.11)

To understand the effect of the film thickness on reflectivity and transmittance,

we calculated the R and T spectra for the [air/film/substrate/air] structure, using

Eqs. (2.2), (2.3), and (2.8)—(2.11), with different values for the film thickness d. The

optical constants (n, k) and (nsub, ksub) were chosen to represent the properties of a

heavily-doped p-type GaAs film grown on 0.65mm-thick undoped GaAs substrate.

The optical spectra (n, k) of the film were represented by a plasma frequency of 1540

cm−1 and a plasma damping constant of 800 cm−1 (for the hole-plasmon contribution)

and the Kane model with a damping constant of 1000 cm−1 (for the intervalenceband

contribution). Figure 2.2 demonstrates the influence of film thickness on the resulting

reflectivity and transmittance spectra, shown by the solid lines. The bulk spectrum

(equivalent to d→∞), shown by the dotted line, was derived from Eq. (2.1) for the

simple R equation of the [air/semi-infinite film] structure. The R spectra for the

film thicknesses labeled by (a), (b), and (c), are plotted on different vertical scales

for clarity, shifted successively by 0.15, 0.10, and 0.05. The apparent plasma edge

(or reflectivity minimum) is shifted to higher frequency as we go from the bulk to

the thin film, as the thickness d is decreased from ∞ in the bulk to 350 nm in the

thin film. In addition, small film thickness broadens the reflectivity minimum, and

the film interference fringes become more closely-spaced and pronounced as the film

thickness is increased, and are easily recognized for d&1000 nm. The T spectra are

shown plotted on the same transmittance scale. Increasing the film thickness mainly
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Figure 2.2: The influence of film thickness d on the reflectivity and transmittance

spectra. The solid lines simulate R and T of a p-GaAs film grown on an undoped

GaAs substrate for different film thicknesses: (a) 350 nm, (b) 500 nm, and (c) 1 µm;

after Eqs. (2.2), (2.8), and (2.10). The dotted line is for p-GaAs bulk (d→∞). The R
spectra labeled by (a), (b), and (c) are plotted on reflectivity scales shifted upward,

for clarity by 0.15, 0.10, and 0.05, respectively. The R scale on the left corresponds

to the dotted curve; the R scale on the right corresponds to curve (a).
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reduces the overall level of transmission intensity.

Experimental reflectivity spectra reported for three heavily-doped p-type GaAs

samples, all with about the same doping level, are shown in Fig. 2.3. Hall-derived

hole concentrations are 6.7×1019 cm−3 for the bulk sample,60 6.6×1019 cm−3 for the
0.5µm-thick film on a GaAs substrate,56 and 6.0×1019 cm−3 for the 1.0µm-thick film
on a GaAs substrate. At fixed doping, the effect of decreasing the sample thickness is

to extrinsically shift Rmin to higher frequency, and the fringes associated with the film

are observable in the R spectrum of the 1.0µm-thick p-GaAs film. These changes in

the experimental R spectra, similar to those of the theoretical ones shown in Fig. 2.2,

are then attributed to the effects of sample geometry, which are well described by the

R and T equations of the [air/film/substrate/air] structure.

2.2 Dielectric function of p-type GaAs

In a spectral region in which the wavelength of the probing light is considerably larger

than atomic dimensions, the spatial variation of the field (determined by wavevector

k) can be neglected. The dielectric function ², as an optical response function for

the field via the induced polarization, then only varies with the probing frequency:

²(k,ω)≈²(ω). Lattice vibrations, free carriers, and valence electrons respond to light
in different ways. In the infrared region in which the photon energy is well below the

band gap, the electronic contribution (of valence electrons) to the dielectric function

²(ω) is essentially a constant, ²∞, the high-frequency dielectric constant. For lattice

vibrations, it is the near zone-center transverse-optical (TO) phonon that can couple

with the electromagnetic field. For free carriers, several optical processes are involved,

such as intraband and intervalenceband transitions. This section will discuss the

dielectric contributions of the TO phonon and the holes in p-GaAs.
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Figure 2.3: Experimental near-normal-incidence reflectivity spectra for p-GaAs sam-

ples with hole concentrations close to 7 × 1019 cm−3, showing the influence of film
thickness on the shape of the plasma edge and on the interference fringes. The p-type

dopant was carbon for the 0.5 µm and 1.0 µm films (present study). For the bulk

sample (Ref. 60), the p-type dopant was unreported.
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2.2.1 Lattice (TO phonon) contribution

The coupling between the TO phonon and the photon is classically modeled by a

simple harmonic oscillator (whose resonance frequency is ωTO, the TO phonon fre-

quency) driven by an alternating force of frequency ω (the probing frequency). The

polarization associated with atomic displacements due to the two coupled phonon-

photon vibrational modes contribute 4πχ0 to the dielectric function. The phonon

susceptibility 4πχ0(ω) is expressed in a Lorentzian form:
27

4πχ0(ω) =
(²0 − ²∞)ω2TO

ω2TO − ω2 − iωΓ , (2.12)

where ²0 and Γ are the static dielectric constant and the phonon damping constant,

respectively.

The two coupled phonon-photon transverse waves (the normal modes of the lattice

vibrations in the radiation field) possess the mixed atomic-vibration (phonon-like) and

electromagnetic (photon-like) character. The dispersion relation of the coupled modes

are determined by

k =
ω

c
n(ω) =

ω

c
²1/2(ω), (2.13)

²(ω) = ²∞ + ²∞
ω2LO − ω2TO

ω2TO − ω2 − iωΓ . (2.14)

Here n is the complex refractive index and ² is the lattice dielectric function, the sum

of the (constant-in-the-infrared) valence-electron contribution and the phonon sus-

ceptibility. We note that the frequency of the longitudinal-optical (LO) phonon, ωLO,

enters into Eq. (2.14) via the Lyddane-Sachs-Teller relation: 27 ²0/²∞=ω2LO/ω
2
TO. For

a small-damping approximation (Γ≈0), the solution of ²(ω)=0 is ωLO, corresponding
to the normal-mode frequency of a longitudinal wave, the LO phonon.

The lattice dielectric function for GaAs is shown in Fig. 2.4. ²1 and ²2 are the real

and the imaginary parts, respectively. We have derived ²1 and ²2, using Eq. (2.14)
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Figure 2.4: Real and imaginary parts of the GaAs lattice dielectric function deter-

mined by the phonon-oscillator model with the room-temperature parameters ωTO,

ωLO, and ²∞ for GaAs.
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with the experimentally-determined room-temperature GaAs parameters given in Ta-

ble 2.1. We see that for a damped phonon (modeled by a damped oscillator, with

finite Γ), the unbounded behavior of ² at the resonance frequency ωTO is subdued by

the damping constant Γ.

Experimental far-infrared (200—700 cm−1) optical constants of GaAs (Ref. 54)

are shown in Fig. 2.5, for comparison with the theoretical values. The theoretical re-

fractive index n was derived from n2=[²1+(²
2
1+²

2
2)
1/2]/2 and the theoretical extinction

coefficient was derived from k2=[−²1+(²21+²22)1/2]/2, using the values of ²1 and ²2 plot-
ted in Fig. 2.4. The strongest k peak (near 268 cm−1) corresponds to the TO phonon

absorption. (A TO phonon band is sometimes referred to as a reststrahlen band.)

The simple-harmonic-oscillator model well describes the GaAs optical constants in

the infrared except for the region 450 to 560 cm−1. Here two-phonon absorption pro-

cesses, omitted in the very simple theoretical model, produce a small (≈ 0.005) but
observable contribution to the extinction coefficient.62

2.2.2 Hole contributions: intraband (free-carrier) and

interband transitions

Plasmon is a collective, longitudinal vibrational mode of free carriers, whose resonance

frequency is referred to as the plasma frequency ωp. Semiconductor plasmon cannot

couple to an electromagnetic field by the same reason as for the LO phonon. But

the radiation field and an individual free carrier can interact. In the presence of high

concentration, the free carriers are degenerate, so every free carrier responds to the

field in the same way and makes the same contribution to the dielectric properties of

the semiconductor.

In the quantum-mechanical energy-band picture, electrons in the conduction band
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Table 2.1: Phonon parameters of GaAs.

ωTO TO-phonon frequency 268 cm−1 a

ωLO LO-phonon frequency 292 cm−1 a

Γ Phonon damping constant 2.5 cm−1 b

²∞ High-frequency dielectric constant 10.9 a

a from Reference 44.

b from Reference 61.
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Figure 2.5: Experimental and calculated refractive index n (represented by crosses)

and extinction coefficient k (solid dots) of crystalline GaAs (Ref. 54), compared to

calculated ones (solid and dashed lines), using n+ik= ²1/2 and Eq. (2.14) and the

room-temperature lattice parameters given in Table 2.1. The insert shows the very

small, experimentally observed, contribution of two-phonon absorption, which is not

included in Eq. (2.13).
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and holes in the valence bands (the heavy-hole band, the light-hole band, and the

split-off band) react to infrared photons by electronic transitions (photon-absorption

processes). For GaAs (or Ge among others), the transition energies of intraband

(plasma) free-carrier processes and intervalenceband (IVB) interband processes cover

the infrared photon-energy range. These optical transition processes then give rise to

the hole dielectric function in p-GaAs.

In a classical particle picture, the motion of an electron in the conduction band

or a hole in the valence band, under the influence of the infrared electric field Ee−iωt,

is described by the Drude free-carrier model in which the electron/hole displacement

is given by −(e/m∗)E/(ω2+iωγp) (determined from the equation of motion), where

m∗ is the electron/hole effective mass and γp is the damping constant describing

the damped motion of the electron/hole due to the scattering processes involved. In

heavily-doped p-GaAs, the dominant plasmon-damping mechanism is the scattering

by ionized dopant impurities [such as C
(−)
As ions in GaAs:C, where CAs denotes a

carbon atom substitutionally occupying an As site].3,46,47,50

The induced polarization due to the free-carrier displacements gives rise to the

plasma susceptibility

4πχp =
−4πne2/m∗
ω2 + iωγp

, (2.15)

where n is the free-carrier concentration. (From here on, we will pay attention to

p-GaAs so that the free carriers are holes and the notation “p” will be used for the

free-carrier concentration.) In a semiconductor in which the constant background

dielectric contribution is ²∞, the hole plasma frequency is given by 27

ωp =

µ
4πpe2

m∗²∞

¶1/2
. (2.16)

For p-GaAs with a hole concentration of p≈ 1020 cm−3, about 95 percent of the holes
are in the heavy-hole valence band (having effective massmhh) and about 5 percent are
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in the light-hole band (having effective massmlh). The number of holes in the split-off

band is negligible because the Fermi energy, even for this high hole concentration,

lies above the split-off band. The combined heavy-/light-hole susceptibility is then

4πχhh + 4πχlh = −
4πphhe

2/mhh

ω2 + iωγhh
− 4πplhe

2/mlh

ω2 + iωγlh
. (2.17)

Here phh/lh and γhh/lh are the concentration and the plasma damping constant for the

heavy/light holes, respectively.

Assuming γhh∼γlh, then the two-component (hh and lh) plasma can be charac-

terized by two parameters, ωp and γp, so that the free-carrier dielectric function, in

this single-component-plasma approximation, is given by

²p(ω) = ²∞

µ
1− ω2p

ω2 + iωγp

¶
, (2.18)

where m∗ appearing in Eq. (2.16) is now the two-band transport mass given by

(m
3/2
hh +m

3/2
lh )/(m

1/2
hh +m

1/2
lh ).

63

In the case of γp=0, ²p is real and vanishes at the plasma frequency. Then the

mode defined by ²p(ω)=0 is the longitudinal-wave plasmon at frequency ωp. In the

case of a damped plasmon, γp is nonzero and ²p is complex.

In Fig. 2.6, we present our proposed result for the plasma (intraband) contribution

to the experimental dielectric function of the 1.4 × 1020 cm−3 GaAs:C film [sample

(13)]. The real and imaginary parts of ²p(ω) are shown by the dashed and solid lines,

respectively. These were derived from Eq. (2.18) with ωp=1570 cm
−1, γp=525 cm

−1,

and ²∞=10.9. These plasma parameters best represent our experimental results for

sample (13), as described in detail in Sec. 4.3. The hole plasmons in sample (13) are

highly damped, so that the imaginary part of ²p(ω) is large. The value of p determined

by ωp using Eq. (2.15) and the two-band transport mass (m
∗=0.38m) is 1.14× 1020

cm−3, close to the Hall-derived concentration 1.4× 1020 cm−3.
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Figure 2.6: Plasma component ²p of the dielectric function for the most highly-doped

GaAs:C film [1.4 ×1020 cm−3, sample (13)]. The dashed line shows the real part and
the solid one the imaginary part.
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Now we shall turn our attention to the intervalenceband (IVB) transitions, involv-

ing infrared photon absorption among the heavy-hole, the light-hole, and the split-off

bands.

The photon energy ~ω absorbed at rate R because of IVB transitions gives rise to
a power loss in the infrared radiation. The light intensity is attenuated, as the light

propagates in the semiconductor, by a factor cα/n per unit time. Thus

R~ω = cαI

n
=

ω²2I

n2
. (2.19)

For the second equality in Eq. 2.19, the connection between the IVB absorption

coefficient α and the imaginary part ²2 of the IVB dielectric function has been made

by α=ω²2/nc.

We use the Fermi golden rule 27 to calculate the transition probability for photon

absorption per unit time

R = 2π

~
X
k

|Hij(k)|2 δ (Ej(k)− Ei(k)− ~ω) , (2.20)

for the transition of an electron in a state |i,ki in the lower-energy valence band i
to an available empty state |j,ki in the higher-energy valence band j. The delta
function in Eq. (2.20) represents, for a vertical (k-conserving, direct) transition, the

energy-conservation requirement: Ej − Ei = ~ω. Hij is the matrix element of the

interaction Hamiltonian between the electron and the infrared photon, which couples

the initial and final states.

A quantum-mechanical treatment for the electron-radiation interaction Hamilto-

nian was established by Kane.29 In his treatment, the Hamiltonian matrix element

Hij =
³ e
mc

´2
hui,k|A · p |uj,ki (2.21)

is expressed in terms of the vector potential A of the infrared radiation field and

the electron momentum operator p, respectively. The k · p perturbation was used to
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handle the matrix elements of A ·p that couple the periodic parts ui,k and uj,k of the
valenceband wave functions. In k·p perturbation theory (Eq. 1.5), uk is expanded by a
complete set of orthonormal wave functions at k=0 (the Brillouin zone center), whose

components are determined by the k ·p interaction energy and the energy-band levels
at k=0. Consideration of the point-group symmetry representations of ui,k=0, uj,k=0,

andA · p helps to construct theA·pmatrix, whose elements can be expressed in terms
of klAm+kmAl where the subscripts denote x, y, and z components. Kane derived

expressions for the quantities Wij which he defined as (~/m)2hui,k|A · p |uj,ki2/A2k2:
(1) For k along h100i directions

W21 =
¡
21/2s22 + s32

¢2
N2/9

W31 =
¡
s22 − 21/2s32

¢2
N2/9

W32 = 9N2/27

+4(L−M)2 ¡s22s32 − 21/2s222 + 21/2s232¢ /27, (2.22)

where

s22 = h32/
£
h232 + (E2 − h22)2

¤1/2
s32 = (h22 − E2)/

£
h232 + (E2 − h22)2

¤1/2
h32 = −

√
2 (L−M) k2/3

h22 = (2L+M) k2/3; (2.23)

(2) For k along h111i directions

W21 =
£
2N2 + 4(L−M)2¤ k2/27
+
£
N2 − 4N(N −M)¤ £s232 + 23/2s22s32¤ k2/27

W31 =
£
2N2 + 4(L−M)2¤ k2/27
+
£
N2 − 4N(N −M)¤ £s222 − 23/2s22s32¤ k2/27
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W32 =
£
2N2 + 4(L−M)2¤ k2/27
+4N2

¡
s22s32 + 2

1/2s222 − 21/2s232
¢
k2/27 (2.24)

where s22 and s32 are given by Eq. (2.22) but now with these expressions for h32 and

h22

h32 =
√
2Nk2/3

h22 = (L+ 2M +N) k2/3; (2.25)

and (3) For k along h110i directions

Wij =
¡
4/3k4

¢
(∆s3is3j)

2

+(L−M)2 £s2is1j − s1is2j + 21/2 (s3is1j − s1is3j)¤2 /9
+N2

 21/2 (s2is1j − s1is2j) + s1is3j − s3is1j
+31/2 (s2is3j − s3is2j)

2 /18, (2.26)

where

sij = nij/
¡
n21j + n

2
2j + n

2
3j

¢1/2
n1j = h21h32 − h31 (h22 − Ej)

n2j = h21h31 − h32 (h11 − Ej)

n3j = (h11 − Ej) (h22 − Ej)− h221
h11 = (L+M)k2/2

h22 = (L+ 5M)k2/6

h21 = Nk2/31/22

h31 = Nk2/61/2

h32 = (L−M)k2/21/23. (2.27)
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The energy Ei appearing in Eqs. (2.23) and (2.27) is the valenceband energy for band i

in the noted k-space direction, measured relative to the free electron energy, ~2k2/2m.

The quantities N , M , and L are the band parameters in Kane’s k · p theory.
Using the band parameters for GaAs,37 L=−17.45 ~2/2m, M=−3.35 ~2/2m, and

N=−18 ~2/2m, we obtained numerical values of the matrix elements Wij for direct

optical transitions in p-GaAs among the heavy-hole, light-hole, and split-off bands,

labeled here by 1, 2, and 3, respectively, following the notation. The k-dependent

matrix elements Wij are shown in Fig. 2.7, plotted against k
2 for a range of k which

spans about 15 % of the GaAs Brillouin zone radius.

From the power-loss equation, Eq. (2.19); the Fermi golden rule, Eq. (2.20); and

Kane’s matrix elements Wij, Eqs. (2.22)—(2.27); we obtain the imaginary part of the

intervalenceband contribution to the dielectric function for isotropic bands i and j

²2(ω) =
4πe2

m

X
k

µ
2mk2Wij

~3ωji

¶
π

2ω
δ(ωji − ω), (2.28)

=
4e2k4Wij (nk,i − nk,j)
~3ωji |dωji/d k| . (2.29)

This is equivalent to the method used by Kane to calculate the absorption coefficient

α(ω) for p-Ge and p-Si.29

In obtaining Eq. (2.28) we have defined ωji≡ (Ej−Ei)/~ and related the light in-
tensity [in Eq. (2.19)] to the amplitude of the vector potentialA. And from Eq. (2.28)

we have derived Eq. (2.29) using an isotropic band approximation, in which the wave

vector summation
P
k

can be handled by a scalar integration
R
dk which, in turn,

can be related to an integral of the form
R
dωji by using the joint density of states

of the valence bands i and j.27 nk,i and nk,j are Fermi-Dirac occupation numbers of

the states |i,ki and |j,ki, respectively so that (nk,i−nk,j) represents net occupation
numbers for photon absorption (associated with i→j transitions, with Ej>Ei) and
photon emission (associated with j→i transitions).
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Figure 2.7: Kane’s matrix elements for IVB transitions in p-GaAs, calculated using

the GaAs valenceband parameters of Ekardt et al. [13].
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The real part ²1(ω) of the dielectric function can be obtained from the imaginary

part ²2(ω) of Eq. (2.28) using the Kramers-Kronig relations. In Table 2.2,
27

²1(ω) = ²∞ +
4πe2

m

X
k

fk,ij
(ω2ji − ω2)

, (2.30)

where we have defined the dimensionless quantity

fk,ij =
2mk2Wij

~3ωji
. (2.31)

At each wavevector k, resonance behavior of ²1 can be treated as an oscillator, similar

to a phonon with no damping. Thus, in a semi-classical picture, the intervalenceband

infrared absorption spectrum can be described by a collection of oscillators whose

contribution are determined by the fk,ij values (the oscillator strengths of the IVB

transitions) and resonance frequencies ωji which are determined by the valenceband

structure.

The experimental room-temperature IVB absorption spectrum in heavily-doped

p-GaAs,56,64,65 requires the inclusion of a damping constant γij for its satisfactory

description. Damping, or line broadening, describes effects such as the finite lifetime

of the transition’s final state. In order to include γij, ²1(ω) and ²2(ω) of Eqs. (2.30)

and (2.28) are modified, using the analogy of a damped oscillator.64 The IVB dielectric

function so obtained, for isotropic bands, is

²(ω) = ²∞ +
4πe2

m

X
k

fk,ij
ω2ji − ω2 − iωγij

, (2.32)

= ²∞ +
4πe2

m

Z
dωjiρ(ωji)

fk,ij (nk,i − nk,j)
ω2ji − ω2 − iωγij

. (2.33)

Here ρ(ωji) = k2/π2 |dωji/d k|, the joint density of the states for the valence bands
i and j. The occupation number nk of a state of energy E(k), given by Fermi-Dirac

statistics, is

nk =
1

e(E−EF )/kBT + 1
. (2.34)
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Table 2.2: Kramers-Kronig relations between ²1(ω) and ²2(ω) in removed-singularity

form.

K-K ²1(ω)− ²∞ ²2(ω)

general relation = 2
π

∞R
0

ω0²2(ω0)−ω²2(ω)
ω02−ω2 dω0 = 2ω

π

∞R
0

²1(ω0)−²1(ω)
ω02−ω2 dω0

undamped oscillator C1
1

(ω20−ω2)
C1

π
2ω
δ (ω0 − ω)

damped oscillator C1
ω20−ω2

(ω20−ω2)
2
+Γ2ω2

C1
Γω

(ω20−ω2)
2
+Γ2ω2
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A quantitative interpretation of Eq. (2.33) is illustrated in Fig. 2.8. The bottom

panel shows the directionally averaged GaAs E(k) valence bands, in a format rotated

by 90◦ from that used earlier at the top of Fig. 1.1. Examining the band structure,

we see that E(k) is closely parabolic for the heavy-hole and split-off bands. Since

the curvature of the split-off band is everywhere greater than that of the heavy-hole

band, the minimum-energy direct transition is at k=0: the spin-orbit splitting∆=0.34

eV. Thus 0.34 eV is the onset or the threshold photon energy for so→hh optical
absorption. But for so→lh absorption, the onset frequency is somewhat smaller than
∆, due to the nonparabolicity of the light-hole band.

Next, we consider these two situations: (1) an electron is in state |i,ki; (2) state
|j,ki is empty. The joint probability of the two situation is then ni(1−nj) for the
i→j transition. For Ei<Ej, ni(1−nj) relates to a photon-absorption process and
nj(1−ni) to a photon-emission process. (ni−nj) [appearing in Eq. (2.33)] is then the
net occupation number that involves the net number of absorbed photons. Fermi-

Dirac statistics determines ni and nj. For our most highly doped GaAs:C sample

(pHall = 1.4 × 1020 cm−3), the room-temperature Fermi energy is -0.13 eV. For this
sample at room temperature, the net occupation numbers for the lh→hh, so→lh, and
so→hh absorptions are shown in the second-lowest panel of Fig. 2.8, plotted against
the transition energy ~ωji. The third panel from the bottom shows the quantity

fk,ijρ(~ωji) in the isotropic band approximation we are using. It represents the number

of oscillators ωji per unit volume per unit energy. The matrix elements Wij (which

determine the fk,ij) were directionally averaged to be consistent with the averaged

band energies. The so→lh component of fkρ (shown by the dotted line in the third
panel) has a singularity at ~ωso→lh(≈ 0.32 eV) where |dElh/d k − dEso/d k| vanishes.
In the topmost panel, the resonance terms (real and imaginary parts) weighing the

product of (ni−nj)fkρ are shown for the particular case of incident light with a photon



Chapter 2. Infrared spectroscopy on multilayer thin films 47

Figure 2.8: Quantities determining the intervalenceband contribution to the dielectric

function. The directionally averaged E(k) band structure is at the bottom, rotated

relative to the usual format used earlier in Fig. 1.1. Eonset31 and Eonset32 are threshold

energies for direct transitions between the bands indicated. Eonset21 is zero. The second-

lowest panel shows the net occupation numbers for absorption processes among the

three valence bands. See the text for the significance of the upper two panels.
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energy corresponding to 4000 cm−1.

We calculated the frequency-dependent term of the IVB dielectric function [the

second term in Eq. (2.33)], using (ni−nj) and fk,ijρ shown in Fig. 2.8. A single IVB
damping constant γIVB=1000 cm

−1 (as required for the Lorentzian-like resonance

term) was assumed for lh→hh, so→lh, and so→hh processes. The resulting (real and
imaginary parts) lh→hh, so→lh, and so→hh contributions to the dielectric function
are presented in Fig. 2.9. They well describe the room-temperature intervalenceband

contribution to the total infrared dielectric function for our highest doping GaAs:C

[sample (13)], as described in detail in Sec. 4.3.

2.3 Methods of numerical analysis

The nonlinear least-squares fit method has been widely used to analyze experi-

mental R and T spectra. It has become a common numerical analysis tool, par-

ticularly for infrared spectroscopy of multilayer thin films.22,56,58,59 The analysis of

a measured reflectivity Rmeasured spectrum, using the least-squares fit method, re-

quires a good model for the dielectric function, as well as the R equation appro-

priate to the sample geometric structure. For instance, one may determine free-

carrier plasmon properties, ωp and γp, from a measured reflectivity spectrum of bulk

doped GaAs, using the Drude free-carrier model: ² = ²∞[1 − ω2p/(ω
2 + iωγp)], Eq.

(2.18) for the dielectric function and the R equation for the [air/substrate] structure:

Rcalculated = [(n− 1)2 + k2] / [(n+ 1)2 + k2]. A relationship is then chained from ²

(parameterized by ωp and γp) to (n, k) and from (n, k) to the calculated reflectivity

Rcalculated. The values of (ωp, γp) that yields the Rcalculated spectrum which best fits

Rmeasured spectrum may be a good representation of the actual free-carrier properties,

if the choice of the model dielectric function was a sound one.
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Figure 2.9: Intervalenceband components (4πχij) of the dielectric function (²) for

the most highly-doped GaAs:C film [1.4 × 1020 cm−3, sample (13)]. The left (or
right) panel shows the real (or imaginary) part, labelled ij, of the dielectric-function

contribution from i→j transitions. The total dielectric function of GaAs:C is given
by ²=²lattice+4πχplasmon+4π(χ21+χ31+χ32).
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Another analysis tool for infrared spectroscopy is the direct numerical-solution

technique.66—68 It was recently adopted by D. V. Tsu in his work on the infrared

optical constants of silicon dioxide thin films.68 The direct numerical-solution tech-

nique requires both reflectivity and transmittance measurements for which, at each

frequency ωi, optical constants (ni, ki) are directly solved for from the experimental

(Ri, Ti) values, using R and T equations. Obtaining optical constants directly from

experimental R and T spectra, without using an intervening model dielectric function,

is attractive. The results are model-independent, determined purely by experiment.

However, once the (n, k) spectra are obtained, least-squares fitting techniques are

still necessary in order to further derive free-carrier or phonon properties from (n, k).

In this section, we shall give a review on the direct-numerical (n, k)-solution tech-

nique and the nonlinear least-squares fit technique that will be used to analyze our

experimental R and T spectra of GaAs:C films.

2.3.1 Direct numerical-solution technique for n and k

After the proper R and T equations have been set up for the sample geometry, then,

at each frequency, we combine the theoretical expressions with the measured values

to set up a system of two equations

Rcalculated(n, k, d) = Rmeasured (2.35)

Tcalculated(n, k, d) = Tmeasured (2.36)

in order to find solutions for n and k.

Numerical iteration is well known as a technique for solving for the roots of a given

function. In our case, n and k are simultaneous roots of f(n, k)≡(Rcalculated−Rmeasured)
and g(n, k)≡(Tcalculated−Tmeasured). Compared to other available iteration methods,
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the Newton-Raphson method of iteration 67—69 provides the fastest rate of convergence

(or rate of approaching the solutions). This is because it uses the derivatives of the

functions R and T , with respect to the variables n and k, to improve the initial or

“guess” (ni, ki) values so that the subsequently-determined (ni+∆n, ki+∆k) values

are, in each iteration, closer to the solutions. ∆n and ∆k are determined by

R(ni, ki, d) +
∂R

∂n
∆n+

∂R

∂k
∆k = Rmeasured, (2.37)

T (ni, ki, d) +
∂T

∂n
∆n+

∂T

∂k
∆k = Tmeasured. (2.38)

Reasonable initial values (ni, ki) can speed up the iteration process so that ac-

curate solutions are found within a few iterations. Recently, David Tsu, of Energy

Conversion Devices in Troy, Michigan, has developed a computer program to im-

plement Newton-Raphson iteration, in combination with a graphical technique, for

reflectivity and transmittance spectroscopy.67,68,70 In his “OptiCon” program (which

he kindly made available to us), various types of initial values (also known as types

of the first seed) are offered. We found that, for our problem, the most effective one

is a so-called “zero” seed, an (n, k) point for which f(n, k)=0 or g(n, k)=0 is chosen

as the first seed.

We tested the ability of OptiCon with a set of our experimental reflectivity and

transmittance data, taken in the far-IR region (550—5000 cm−1) for an intrinsic GaAs

wafer. (The data were calibrated as described in Sec. 3.1.2). The geometry here

is very simple, a single GaAs slab with a thickness of 0.65 mm. Using the R and

T equations for this [air/substrate/air] structure in the program, along with the

(Rmeasured, Tmeasured) experimental values, we obtained the results shown in Fig. 2.10.

The values of n and k determined with the use of OptiCon are essentially identical

to the known values for intrinsic GaAs, n≈3.3 and k≈0. The input value for the
parameter d was 0.65mm, the thickness of the undoped GaAs sample.
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Figure 2.10: Optical constants n and k spectra of an intrinsic GaAs sample, deter-

mined from our experimental results using the direct numerical-solution technique.

The input Rmeasured and Tmeasured spectra, obtained from reflectivity and transmittance

measurements carried out on a 0.65mm-thick undoped GaAs sample, are shown in

the upper panel. The OptiCon-determined n and k values are close to 3.3 and zero,

respectively.
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In section 4.1, we will make extensive use of OptiCon to determine, in the mid-

IR region, the optical constants of our highly-doped GaAs:C films from our ex-

perimental reflectivity and transmittance (Rmeasured, Tmeasured) data of section 3.2.

Rcalculated(n, k, d) and Tcalculated(n, k, d) functions corresponding to the [air/film/ sub-

strate/air] structure are used in those computations, which are described in detail

in section 4.1. One interesting point is previewed here, in Fig. 2.11. In addition to

the actual n and k of the GaAs:C film, OptiCon introduces an extra set of solutions,

n0 and k0, which also satisfies equations (2.35) and (2.36). This mathematical but

nonphysical set is easily eliminated on physical grounds.

2.3.2 Nonlinear least-squares fitting technique

In chapter three, calculated values of reflectivity Rcalculated(ωi) of the GaAs:C films

at infrared frequencies ωi are parameterized by the effective-plasmon frequency ωp

and the plasmon damping constant γp. We use the least-squares fitting technique to

determine ωp and γp values that minimize the chi-square value

S =
NX
i=1

£
Rcalculated(ωi;ωp, γp)−Rmeasured,i

¤2
. (2.39)

Here N is the total number of data points. The fitting process is started with initial

values for the plasma parameters ωp and γp. The next values are ωp+∆1 and γp+∆2,

where ∆1 and ∆2 are determined by"P
i

( ∂R
∂ωp
)2 + λ

P
i

∂R
∂ωp

∂R
∂γpP

i

∂R
∂γp

∂R
∂ωp

P
i

( ∂R
∂γp
)2 + λ

#"
∆1

∆2

#
=

"P
i

∂R
∂ωp
(Rmeasured −R)P

i

∂R
∂γp
(Rmeasured −R)

#
. (2.40)

For convenience, the subscript “calculated” is omitted in the left and right matrices,

i.e R≡Rcalculated(ωi;ωp, γp). The summations are carried out over the N measured fre-

quencies ωi. New values of ∆1 and ∆2 are obtained iteratively, and the corresponding
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Figure 2.11: Multiple solutions (n, k) and (n0, k0) for highly-doped GaAs:C film at

infrared frequency 3000 cm−1. The line crossing the figure from left to right is the

locus of all (n, k) points for which Tcalculated(n, k)=Tmeasured. The oval line is the locus

of all points for whichRcalculated(n, k)=Rmeasured. The left and right intersections of the

two curves correspond, respectively, to the OptiCon-determined extra (mathematical)

and true (physical) solutions.
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plasma parameters (updated by∆1 and∆2) successively decrease the chi-square value

S and the standard deviation SD=
p
S/N .

This fitting approach is a combination of gradient-search and linear-expansion

methods.71,72 An adjustable constant λ, added to each diagonal element of the curva-

ture matrix [the 2×2 matrix in Eq. (2.40)], is usually set to be large at the beginning
of the fitting process to ensure that the fitting parameters are varied in a direction

leading to the global minimization of the standard deviation. But near the end of the

minimizing process, when the fitting parameters are close to the best-fit values for

which the standard deviation is minimized, λ is set to zero to take advantage of the

rapid convergence of the linear expansion method. We use Marquardt’s algorithm

(given in Ref. 71) for adjusting the quantity λ during the fitting process. This non-

linear least-squares fitting technique using Marquardt’s algorithm, often referred to

as the Marquardt method,73 is perhaps the best one. The best-fit values so obtained

are reproducible; they are not sensitive to the initial values. This guarantees that the

minimum of the standard deviation is global, not just one of the local minima (often

delivered by the gradient-search method or the expansion method).

The Marquardt method will also be used in chapter four, to fit experimental

absorption-coefficient spectra αmeasured(ω) of highly-doped GaAs:C. The fitting pa-

rameters to be determined in that chapter are ωplasmon, γplasmon, and γIVB, where

the first two characterize the actual hole plasmon (rather than the phenomenological

effective-plasmon plasmon) and the third one characterizes intervalenceband tran-

sitions. Analogous to Eqs. (2.39) and (2.40), the 3×3 curvature matrix used in the
fitting procedure contains the derivatives of α with respect to the three fitting param-

eters. Assigning the numbers 1, 2, and 3 for the fitting parameters, the element (13)

of the curvature matrix is
P
ω

(∂α/∂ωplasmon)(∂α/∂γIVB), where α is the theoretical

absorption coefficient parameterized by ωplasmon, γplasmon, and γIVB.
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Infrared reflectivity and

transmittance of GaAs:C

3.1 Experiments

3.1.1 Film growth and characterization

The specimens used for the optical studies in this thesis were a series of thirteen

carbon-doped p-type GaAs films prepared by W. K. Liu (Amy Liu) at IQE, Inc.

in Bethlehem, Pennsylvania. Each C-doped thin film was grown on a h100i semi-
insulating GaAs substrate, by molecular beam epitaxy (MBE) using an EPI GENII

MBE reactor.

The substrates were 0.635mm-thick commercially available wafers sawed from

h100i-oriented GaAs crystals grown by the liquid-encapsulated Czochralski (LEC)
technique. Typical undoped LEC GaAs exhibits semi-insulating behavior, high resis-

tivity (107—108 Ω cm), and a low concentration of residue impurities (from the growth

process)— such as boron (.1017 cm−3), silicon (.1015 cm−3), and carbon (.1016

cm−3).74

The MBE growth technique for GaAs:C films is briefly described as follows. The

substrate was kept at the standard GaAs growth temperature of 600◦C. Prior to MBE

56
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film growth, a thin (100—250 nm) undoped buffer layer was deposited first; this was

found to improve the crystalline quality of the subsequently-deposited MBE GaAs:C

film. For the carbon-doped layer, a custom-designed C injector was employed with a

CBr4 dopant source kept at 0
◦C. The growth rate was controlled at 2.5 Å/sec. The

thirteen GaAs:C films were grown as described. The thicknesses of the C-doped MBE

layer was 350 nm for one film, 500 nm for six films, and 750nm for five films.

The film thicknesses given above were growth-rate determined, using MBE growth

rates established by both high-resolution x-ray diffraction and reflection high-energy

electron diffraction measurements carried out on calibration AlGaAs/GaAs superlat-

tice structures.

At IQE, room-temperature Hall measurements were carried out in the van der

Pauw geometry.27 The GaAs:C films were cleaved to 1cm × 1cm and soldered with

indium to the current probes at two diagonal corners and to the Hall voltage probes

at the crossed diagonal corners. The magnetic field strength used was 0.24 T. For

each sample, the resistivity ρ was measured first, then the Hall coefficient RH. The

Hall-derived hole concentration pHall and the Hall mobility µHall were determined by

pHall =
1

RHe
(3.1)

µHall = RH/ρ (3.2)

in both of which the Hall factor rHall (to be discussed in detail in Sec. 3.4.1) was

operationally taken to be 1.0.

For several samples, carbon concentrations [C] in the MBE C-doped layers were

estimated by secondary ion mass spectroscopy (SIMS) at Evans East, Inc. and by

localized vibrational mode spectroscopy (LVM) at Virginia Tech.75 The SIMS results

(with inherent error of about 15—20%) for [C]-versus-depth profiles indicate that es-

sentially all the carbon atoms substitutionally occupy arsenic sites, i.e. [C] ≈ pHall.
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Carbon atoms (with four valence electrons) replacing arsenic atoms (with five valence

electrons) act as shallow acceptors, supplying the free holes in these p-type GaAs:C

films.

In localized-vibrational-mode (LVM) spectroscopy of GaAs:C, when an arsenic

atom (MAs = 74.92 amu) is replaced by a lighter carbon impurity (MC =12.01 amu),

there appears a special mode of atomic vibration that is primarily motion of the

substituting carbon impurity and its nearest neighbors (the mode is thus “localized”).

The frequency of the localized vibrational mode for 12CAs is 583 cm
−1 (Ref. 76), higher

than that of any of the lattice vibrations (phonons) of the host GaAs crystal. For our

GaAs:C films, room-temperature LVM CAs absorption lines were observed near 580

cm−1 in infrared transmittance spectra. The LVM absorption lines were integrated

and then calibrated to obtain [C].75 It is noted that [C] determined by LVM are

reliable for doping levels up to 7 × 1019 cm−3 where the LVM CAs absorption does

not yet saturate.

Carbon atoms are also smaller than As and Ga atoms. At high carbon impurity

concentrations, the small size of the carbon atom can affect the lattice constant

of GaAs. X-ray diffraction (XRD) measurements were carried out on the C-doped

layers and the substrates using 1.54Å x-ray wavelength. The lattice constants a of

the GaAs:C films and the substrates were determined from the measured diffraction

angles θ by the Bragg equation: 2a sinθ=nλ. The observed contraction of the GaAs:C

lattice constant is given in terms of ∆a/a defined by 1−aGaAs:C/aGaAs.
Table 3.1 provides experimental data obtained by Hall, SIMS, LVM, and XRD

measurements, along with the growth-rate-determined thicknesses of the C-doped

GaAs films.
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Table 3.1: The growth-rate-determined MBE film thicknesses, the Hall-derived hole

concentrations, the Hall mobilities, the carbon dopant concentrations [C] determined

from secondary ion mass spectroscopy and LVM spectroscopy, and the lattice con-

traction determined from x-ray diffraction measurements.

Sample film thickness pHall µHall [C]SIMS [C]LVM ∆a/a

(nm) (1018cm−3) (cm2/Vs) (1018cm−3) (1018cm−3) (%)

(1) 750 1.4 288 - - -

(2) 750 3.4 138 - - -

(3) 750 3.9 131 - 7 -

(4) 500 5.2 127 - 10 0.000

(5) 750 6.8 116 - 12 -

(6) 750 20 90 - 29 -

(7) 500 27 87 26 29 0.039

(8) 500 33 81 - 38 -

(9) 500 66 71 - - -

(10) 500 82 68 - - -

(11) 350 91 67 - - -

(12) 500 110 64 99 - 0.173

(13) 500 136 57 130 - 0.227
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3.1.2 Infrared R and T measurements

The infrared optical measurements were carried out on the GaAs:C films [samples

(1—13) of Table 3.1] using a Bomem DA3 Fourier-transform spectrometer.

Illustrated in Fig. 3.1, the Bomem DA3 is a vacuum, high-resolution version of

a Michelson interferometer, featuring “dynamic” alignment and electrically-switched

selection mirrors for employing different light sources and detectors.

A globar lamp (source 1) was used to provide broadband radiation in the far/mid-

IR region. A quartz-halogen lamp (source 2), emitting near-IR/visible light, was

used in our measurements solely for positioning the reflection/transmission units and

aligning their optical elements prior to the measurements. No filter was used in our

measurements. The iris aperture defines the instrumental field of view and thus the

effective source size at the focused spot. It is automatically selected in accordance

with a specified resolution, i.e. high resolution necessitates small iris diaphragm

to counterbalance the angular divergence effect of imperfectly collimated beam.77

The beam splitter divides the input collimated beam into two beams with equal

amplitudes: one is routed to the fixed mirror on the left, and the other to the moving

mirror (scanning mirror) above. After reflections from the two mirrors, the beams

recombine and interfere at the beam splitter. Then the consequent modulated beam

enters the beam-switching-optics compartment to be guided to a chosen detector.

There the modulated intensity I of the broadband infrared radiation is recorded as

the moving mirror is translated to change the optical path difference x during a scan.

This yields an interferogram I(x) that is the sum of sinusoidal waves composed of

the broadband infrared radiation. By means of Fourier transform, the interferogram

I(x) is converted to an intensity spectrum I(ω) of the infrared radiation.

At the same time as the modulated intensity I is recorded, the optical path dif-
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Figure 3.1: Schematic of the Bomem DA3 Fourier-transform interferometer (repro-

duced from Ref. 55). Reflection or transmission units can be installed at the right or

left sample position.
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ference x is measured properly by means of a He-Ne laser system and a white-light

reference system. The He-Ne laser beam and the white-light beam (from a miniature

tungsten-filament lamp) are introduced through the input port of the interferometer

compartment, deflected by a 90-degree reflection prism (below the beam splitter), and

then follow the optical path of the interferometer. Interferences of the reference beams

and the primary infrared beam occur simultaneously. We note that the beam splitter

for the laser and the white-light beam is a small silica disk mounted at the center of

the large KBr (mid-IR) or polyethylene (far-IR) beam splitter. The output reference

beams are intercepted by another 90-degree reflection prism (on the collimation axis)

and deflected through the output port of the interferometer compartment so that their

intensity signals are recorded by external photodiode sensors. Successive maxima

of the laser constructive interference indicate a change in path difference of λHe-Ne

(corresponding to a mirror movement of λHe-Ne/2), and the peak signal of the white

light beam corresponds to zero path difference (ZPD). By counting the number of the

laser signal maxima with ZPD as the starting position, the optical path difference is

accurately measured.

These reference signals also serve other important purposes. The white light ZPD

signal is used as an indicator of ZPD mirror position so that before each scan, the

mirror is returned consistently to its ZPD position. The laser-signal variation across

the field of view of the photodiode sensors is used to automatically optimize the

angular alignment of the fixed mirror before a scan, and then hold this alignment

during the scan. This is also used as an indicator of the mirror alignment status, so

that when a loss of alignment occurs (due to a severe shock or a blocking of the laser

beam) reoptimization is undertaken to restore the alignment.

The infrared spectrum I(ω) (often referred to as a single-beam spectrum) is also

determined by the spectral response of the detector, the spectral window of the
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beam splitter, the radiative stability of the source, and any residue atmospheric gases

present in the interferometer that can absorb the infrared light. These factors must

be considered in order to select a combination of source, beam splitter, and detector

for a particular measurement. In Table 3.2, the most commonly used infrared sources,

beam splitters, and detectors are listed with their specifications.

Near-normal far-infrared and mid-infrared reflectivity and transmittance measure-

ments were carried out on the GaAs:C films at room temperature. We used the com-

bination of globar source, three-micron-thick mylar beam splitter, and DTGS/Poly

detector for the measurements in the far-infrared region (200—700 cm−1). For the

mid-infrared region (500—5000 cm−1) a DTGS/KBr detector and a KBr beam splitter

were used with the globar source. To avoid absorption bands of atmospheric gases

such as water vapor and CO2, all measurements were conducted with the instrument

chamber pumped down to a pressure of 3 torr or less.

For the reflectivity measurements, the reflection unit as shown in Fig. 3.1 was used.

The angle of incidence was 11◦. We performed the same data aquisition routine for

each GaAs:C film. To improve the signal-to-noise ratio, at least 200 interferograms

of the globar beam with a gold mirror (bare gold coated on fused silica substrate,

RAu≈100%) in the reflection unit were scanned first. The interferograms were aver-
aged and Fourier-transformed to obtain I0(ω), the reference intensity spectrum. Next

we replaced the gold mirror with the GaAs:C film and scanned for the same number

of interferograms. After Fourier transformation, this yields IR(ω), the reflected inten-

sity spectrum. The reflectivity spectrum R(ω) of the GaAs:C film is then determined

by the ratio IR(ω)/I0(ω).

For transmittance measurements, a transmittance spectrum T (ω) was similarly

determined by IT (ω)/I0(ω), where I0(ω) is the Fourier transform of the averaged

single-beam interferogram (for the empty transmission unit) and IT (ω) is the Fourier



Chapter 3. Infrared reflectivity and transmittance of GaAs:C 64

Table 3.2: Infrared sources, beam splitters, and detectors.

Source Description Emission band

globar lamp (hot SiC) far/mid-infrared source 10—10000 cm−1

quartz-halogen lamp near-infrared/visible 3000—25000 cm−1

Beam splitter Transmission window

KBr thin Ge coating, sandwiched 450—7000 cm−1

between two pieces of KBr

3µm-thick mylar polyethylene film 125—850 cm−1

Detector Response range

DTGS/Poly deuterated triglycine sulfate, 10—700 cm−1

a pyroelectric detector with

a wedged polyethylene window

DTGS/KBr .... with a wedged KBr window 350—7000 cm−1



Chapter 3. Infrared reflectivity and transmittance of GaAs:C 65

transform of the averaged transmitted-beam interferogram (for a GaAs:C film inter-

cepting the infrared beam, using the transmission unit).

Since all of the spectra will be analyzed quantitatively along the vertical scale (R

or T ) as well as the horizontal one (~ω), we must be concerned with both the precision

and accuracy of the measurements. Infrared measurements are more difficult than

visible or near-ultraviolet measurements because of the relative insensitivity of the

avialable detectors.

It is important to attain operation stability prior to the measurements, so we

checked the 100% line that is determined by ratioing two globar spectra measured

one after another. Reproducibility was taken to be acceptable when the 100% line held

steady to within ±5%. (Experience with the spectrometer in our lab shows that it
takes about 2 hours for the Bomem DA3 to reach this stability.) To address the matter

of accuracy, we measured, in the frequency region 700—5000 cm−1, the reflectivity

(R) and transmittance (T ) of a 0.65mm-thick semi-insulating LEC GaAs substrate

which is highly transparent in this spectral region. The measured R and T were

0.415±0.004 and 0.542±0.007, respectively. Then we calculated, for the thickness
0.65 mm, theoretical R and T values of 0.446 and 0.554, respectively, using the known

values of the optical constants of GaAs in this frequency range. The measured R and

T are found to be lower than the theoretical ones by 7.4% for R and 2.3% for T . We

corrected, for this mid-infrared region, each measured R and T of GaAs:C films by

the factors 1.074 and 1.023, respectively. Based on the pre-measured 100% line and

the comparison between the measured and theoretical R and T for the intrinsic GaAs

substrate, the experimental error in R and T of the GaAs:C films was estimated to

be within ±10%.
Stability and accuracy are better in the mid-infrared region (500—5000 cm−1) than

in the far infrared (200—700 cm−1), so the far-IR spectra were rescaled by a constant
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factor (a spectral “stitching” factor, measured to be in the range from 0.9—1.1) to

coincide with the mid-IR spectra in the overlapping region.

3.2 Infrared reflectivity and transmittance spectra of the

GaAs:C films

Figures 3.2 to 3.5 display the experimental reflectivity and transmittance spectra

of the p-type MBE-grown GaAs:C films [samples (1)—(13)]. For comparison, the

reflectivity and transmittance spectra of the 0.65mm-thick undoped GaAs substrate

are also shown in the topmost panels of Fig. 3.2. All of the reflectivity spectra of

the carbon-doped GaAs films exhibit, near 270 cm−1, the phonon reststrahlen band

corresponding to the strong first-order infrared absorption process in which a photon

disappears and a single k=0 transverse-optical (TO) phonon is created. In this region

of strong TO-phonon—photon interaction, the refractive index n changes rapidly with

frequency. The structure of the observed phonon band strongly reflects the resonance-

behavior frequency dependence of n and ²1 shown earlier in Figs. 2.5 and 2.4. The

region of high reflection (≈90%) is due to the high refractive index (n≈12) near the
TO phonon resonance frequency. The one-phonon reststrahlen band dominates the

reflectivity spectrum of undoped or lightly-doped GaAs.

The appearence of the phonon band is greatly influenced by the presence of a sub-

stantial concentration of free holes. As pHall increases, the phonon band is decreased

by a progressively increasing reflectivity background which comes from the increasing

free-carrier contribution to the dielectric function of the GaAs:C film. At the highest

doping (pHall = 1.4× 1020 cm−3), the hole contribution is so high that the free-carrier
reflectivity background dominates and allows only a slight appearence of the phonon

band. Our far-IR reflectivity spectra resemble those of Be-doped p-type GaAs films
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Figure 3.2: Reflectivity and transmittance spectra of the p-type MBE GaAs:C films

[samples (1)—(3)], labeled by Hall-derived hole concentrations and film thicknesses.

For comparison, spectra of the 0.65mm-thick undoped GaAs substrate are shown in

the uppermost panel.
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Figure 3.3: Reflectivity and transmittance spectra of the p-type MBE GaAs:C films

[samples (4)—(7)], labeled by Hall-derived hole concentrations and film thicknesses.
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Figure 3.4: Reflectivity and transmittance spectra of the p-type MBE GaAs:C films

[samples (8)—(11)], labeled by Hall-derived hole concentrations and film thicknesses.
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Figure 3.5: Reflectivity and transmittance spectra of the p-type MBE GaAs:C films

[samples (12) and (13)], labeled by Hall-derived hole concentrations and film thick-

nesses.



Chapter 3. Infrared reflectivity and transmittance of GaAs:C 71

reported by Fukasawa et al.58 and Korotov et al.78 The effect of free holes is also

seen on the transmittance spectra of the GaAs:C films, in the overall decrease in

the percentage of transmission. We note that the quantitative decrease in T is in

part determined by the film thickness. This is evident in the T spectrum of sample

(11) whose percentage of transmission on average is larger than that of sample (10),

despite the higher hole concentration, because it is thinner.

In addition, there is a discernible step in reflectivity, at about 560 cm−1, the

cutoff frequency for two-phonon absorption process.62 This is a consequence of the

substrate’s transparency above 560 cm−1, which allows a contribution to the observed

reflectivity from light returning from the substrate’s back surface. The effect of the

substrate’s transparency is more obvious in the transmittance spectra.

Unlike the high reflectivity and the low transmittance background in the far-IR

region, hole features in the mid-infrared region are more evident. The appearence

of a broad reflectivity minimum (abbreviated here as Rmin) and a broad absorption-

band dip in transmittance in the GaAs:C spectra are associated with the presence

of holes in the MBE C-doped layer. The GaAs substrate merely contributes, due

to GaAs crystal’s transparency in the mid-infrared region, constant reflectivity and

transmittance, as shown in the uppermost panel of Fig. 3.2. As the hole concentration

increases, the reflectivity minimum becomes more pronounced and moves up to higher

frequency. The observed Rmin in p-GaAs is much broader than the electron-plasma

reflectivity minimum seen in n-GaAs,22—24,51,52 resembling sketchy results reported

earlier by Wang and Haegle 15 in their brief study of carbon-doped GaAs films. In

addition to the effect of doping, the thickness of the GaAs:C film has an influence on

the reflectivity. Small film thickness broadens Rmin and shifts it up in frequency. This

geometric effect is evident in sample (11); because of the small thickness (350 nm) of

this sample, Rmin is comparatively broad and occurs at about the same frequency as
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for the highest doping.

For a bulk sample of a doped semiconductor, the simple relationship between

R and the optical properties [stated earlier in Eq. (2.1)] allows a direct connection

between free-carrier concentration n and ωmin, the frequency corresponding to the re-

flectivity minimum. A simple equation of the form ω2min=Cn has been used to easily

and accurately determine the free-electron concentration from the measured value of

ωmin for n-type GaAs.
51,52 [In a simplified limit, C is given by C=4πe2/(²∞−1)m∗,

where ²∞ is the high-frequency dielectric function and m∗ is the free-carrier effective

mass.51,52] But for a thin-film-on-substrate structure, ωmin is no longer an intrinsic

property, i.e. it depends on the film thickness as described in Sec. 2.1 and as demon-

strated by sample (11). Figure 3.6 presents ωmin of the GaAs:C films, plotted against

the Hall-derived hole concentration pHall. The measured ωmin values for samples with

different film thicknesses do not fall on the same line. Nonetheless, for a fixed film

thickness, ω2min is seen to depend linearly on pHall: ωmin = a+bp
1/2
Hall. So the determina-

tion of pHall from ωmin can be performed correctly by utilizing appropriate calibration

factors a and b for a specified film thickness. For film thickness 500 nm, we obtained

the calibration factors a=1030 cm−1 and b=1.33×10−7 cm1/2.

3.3 Hole plasmons in C-doped GaAs: the conventional

effective-plasmon model

To analyze the reflectivity and transmittance spectra of the GaAs:C films in the

infrared region from 200—5000 cm−1, we have first chosen to use the simplest possible

form for the dielectric function of the epitaxial GaAs:C film. (A more sophisticated

but less-simple analysis will be presented in Chapter Four.) It is the sum of a single

one-phonon lattice-vibrational term (using a classical oscillator model, as discussed
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Figure 3.6: The hole-concentration dependence of the position (ωmin) of the observed

reflectivity minimum for the GaAs:C films with film thickness 350 nm (open triangle),

500 nm (solid squares), and 750 nm (open circles). The square root of pHall is plotted

along the horizontal axis.
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in Sec. 2.2.1) and a single free-carrier plasma term (using the Drude model discussed

in Sec. 2.2.2),

² = ²∞
³
1 +

ω2LO − ω2TO
ω2TO − ω2 − iωΓ −

ω2p
ω2 + iωγp

´
. (3.3)

Here ²∞, ωTO(ωLO), Γ, ωp, and γp are the high-frequency dielectric constant, the fre-

quency of the transverse (longitudinal) zone-center optic phonon, the phonon damping

constant, the plasma frequency, and the plasma damping constant, respectively.

In n-type zincblende-structure semiconductors, free electrons (conductionband

electrons) are, in the Drude model, treated as a single-carrier-type plasma (because

of the simple form of the conductionband minimum) characterized by ωp and γp.

For these n-type semiconductors, the dielectric function of Eq. (3.3) is customar-

ily used to deduce free-electron properties from experimental infrared reflectivity

spectra.22—24,51,52,59 (It is also used for analyzing coupled plasmon-LO-phonon modes

in doped semiconductors investigated by Raman scattering measurements.16,19,79,80) In

p-type zincblende-structure semiconductors, the single-carrier-type assumption is not,

strictly speaking, justified, because of the multi-band character of the valenceband

maximum (Fig. 1.1). Nevertheless, owing to the virtue of its simplicity, the standard

phonon-oscillator/Drude-free-carrier dielectric function of Eq. (3.3) has been used to

analyze experimental studies of hole-induced optical properties in p-type zincblende-

like semiconductors. In those reports,15,58,60,81—83 intervalenceband contributions were

ignored and the hole plasma (consisting of heavy-hole and light-hole gases) was treated

as a single-carrier-type plasma characterized by two parameters ωp and γp. As we

will show later in this chapter and, especially, in Chapter Four, the neglect of inter-

valenceband transitions is a serious shortcoming. The intervalenceband contribution,

already discussed theoretically in Sec. 2.2.2, will be included in the analysis of our

experimental optical results given in Chapter Four.
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It should be noted that the Drude free-carrier term in Eq. (3.3) is an approxi-

mate one. The exact term, which is derived from the ac conductivity in ac transport

theory 45 requires a statistical average over the free-carrier distribution. The justifi-

cation of the use of the Drude approximation, for our heavily doped samples, will be

discussed in Sec. 3.4.2.

The Drude term in Eq. (3.3) contains only two adjustable parameters, the plasma

frequency ωp and the plasma damping constant γp. The phonon parameters and ²∞

are kept fixed at the known values for undoped GaAs, listed in Table 2.1. We will

therefore refer to Eq. (3.3) as the effective-plasmon dielectric function.

To calculate the reflectivity, we have treated the buffer layer and substrate as one

material, using the two-layer model (for a film-on-substrate sample) shown in Fig. 2.1.

Since the substrate is semi-insulating intrinsic GaAs, we use, for its dielectric function

²sub, the sum of the first two terms in Eq. (3.3) (omitting the free-carrier term). It

is necessary to include the substrate in our analysis because, throughout most of our

infrared range, the optical penetration depth exceeds the MBE film thickness. We

then used the R equation of the [air/film/substrate/air] structure given by Eqs. (2.2),

(2.8)—(2.11), where n and nsub are now the complex refractive indices of the GaAs:C

film and substrate, respectively. d and D are now the thicknesses of the GaAs:C film

and the substrate, respectively.

At frequencies below the two-phonon cutoff near 560 cm−1, the substrate is fairly

opaque because of lattice absorption (two-phonon and one-phonon processes). In the

reflectivity expression on the right side of Eq. (2.2), the relative importance of the

second term (which comes from light returning from the back surface of the substrate)

scales approximately as T 2 where T is the overall transmittance. Below 560 cm−1, T 2

is less than 0.1 (Fig. 3.2), and little error is involved in neglecting the second term,

which we did in this region. Above 560 cm−1, which is the region of our primary
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interest (in which significant plasmon and interband processes occur in the GaAs:C

film), the full reflectivity expression of Eq. (2.2) was necessary and was used.

The Marquardt method 71,73 (described in Sec. 2.3.2) was used for performing

the nonlinear least-squares fitting (minimizing
P |Rmeasured −Rcalculated|2), with only

two parameters, ωp and γp, varied in searching for the best fit. The GaAs substrate

thickness was 635 µm. The GaAs:C film thicknesses were the growth-rate-determined

values of Table 3.1.

The solid lines in Fig. 3.7 represent the resulting fits. The fits are very reasonable

in the high-frequency region containing the reflectivity minimum. In low-frequency

region, they increasingly deviate from the observed phonon band as pHall increases;

however, they are generally able to reproduce the increasing reflectivity background

effect of free holes. The best-fit values of the effective ωp and γp are given in Table

3.3. We note that, because of the low hole concentration in sample (1), no plasmon

minimum could be discerned in this film.

Although the presence of a near-surface depletion layer (a hole-free layer created by

near-surface band bending) in the carbon-doped GaAs films is confirmed by Raman-

scattering measurements,17 its effect on the infrared reflectivity is negligible because

of its small depth [in section 5.5, analysis of our experimental Raman results estimates

the depletion depth to decrease from 15 nm for sample (2) to 2 nm for sample (13)].

To check this, we calculated the reflectivity, for samples (2)—(13), using a three-layer

model, an [air/film0/film/substrate] structure in which the dielectric function of the

topmost layer (film0) was set to ²sub, as appropriate for the depletion layer.22 We

found that the results for ωp and γp values hardly differ from those of Table 3.3.

Figure 3.8 presents a plot of ωp, the effective plasma frequency, against p
1/2
Hall ,

where pHall is the hole concentration determined by our Hall-effect measurements. As

seen in Fig. 3.8, our results do yield, to within experimental error, a linear relation
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Figure 3.7: The best fits of the measured R spectra of the GaAs:C films, labeled by

their Hall-derived hole concentrations. The solid lines are based on Eq. (2.2) using

the effective-plasmon dielectric function of Eq. (3.3) to specify (via ωp and γp) the

optical properties of the films. The vertical scale is labeled for the top and bottom

spectrum in each panel. The other spectra are successively shifted, vertically, by 0.8.
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Table 3.3: The Hall-derived hole concentrations, the effective plasma frequencies ωp

and effective plasma damping constants γp, the infrared mobilities derived from ωp

and γp, and the Hall-to-infrared mobility ratios.

Sample pHall ωp γp µIR µHall/µIR

(1018cm−3) (cm−1) (cm−1) (cm2/V s)

(2) 3.4 520 1420 64 2.2

(3) 3.9 360 580 65 2.0

(4) 5.2 510 820 71 1.8

(5) 6.8 540 940 52 2.2

(6) 20 930 900 53 1.7

(7) 27 1010 810 52 1.7

(8) 33 1120 890 48 1.7

(9) 66 1510 1070 37 1.9

(10) 82 1620 930 39 1.7

(11) 91 1780 1190 33 2.0

(12) 110 1840 1130 32 2.0

(13) 136 2150 1610 24 2.4
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Figure 3.8: The dependence of the effective plasma frequency on the square root

of the Hall-derived hole concentration. The open squares represent ωp values (Ta-

ble 3.3) corresponding to the best-fit curves of our experimental reflectivity spectra

(see Fig. 3.7). The slope of the solid line determines an optical hole effective mass

m∗opt=0.24m. The dashed lines represents the calculated plasma frequencies for (a)

GaAs:Be (Ref. 58) using m∗opt=0.34m; (b) GaAs:C (Ref. 78) using m
∗
opt=0.50m.
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between ωp and p
1/2
Hall, as is expected from Eq. (2.16) with the use of pHall in place of

p:

ω 2
p =

4πpHalle
2

²∞m∗opt
. (3.4)

Here we distinguish, as determined from the effective plasma frequency and the Hall-

derived hole concentration, the optical hole effective mass m∗opt in Eq. (3.4) from the

two-band-transport hole effective mass m∗h in Eq. (2.16). This linearity (Fig. 3.8)

indicates that the concentration dependence of the optical hole mass is small. We

do not find the increase in m∗opt (with increasing pHall) reported by Wang and Haegle

for four GaAs:C samples.15 The slope of the solid line in Fig. 3.8 yields an m∗opt of

0.24m. The dashed line labelled (a) in Fig. 3.8 corresponds to a mass of 0.34m,

which is based on the theoretical expression (from two-band transport theory 48)

(m
3/2
lh +m

3/2
hh )/(m

1/2
lh +m

1/2
hh ), where mlh and mhh are the light-hole and heavy-hole

masses. This theoretical value was adopted by Fukasawa, Sakai, and Perkowitz (FSP,

Ref. 58) in their far-infrared (200-500 cm−1) reflectivity study of p-type GaAs:Be for

dopings up to 3 × 1019cm−3. The dashed line labelled (b) in Fig. 3.8 corresponds
to a mass of 0.50m, which is the effective mass for heavy holes assumed for m∗opt

by Korotkov et al.78 in their far-infrared (50-400 cm−1) reflectivity study of p-type

GaAs:C for dopings up to 5× 1019cm−3.
Using our optically determined m∗opt [from Eq. (3.4)] along with the effective

plasma damping constant γp determined for each sample, we have obtained an optical

estimate µIR for the mobility from µIR=ehτi/m∗opt. Here hτi is given by 1/γp, the
optical estimate of the infrared hole relaxation time. The µIR values are included in

Table 3.3, along with the ratios µHall/µIR comparing the Hall and optical mobilities.

Figure 3.9 shows a plot of µIR versus µHall, and Fig. 3.10 shows a plot of mobility as a

function of hole concentration, comparing our µHall and µIR mobility results to µHall
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Figure 3.9: The Hall mobility µHall plotted against the infrared mobility µIR. The

ratio µHall/µIR varies from 1.7 to 2.4 over the twelve samples (Table 3.3). The solid

line, a least-squares straight line constrained to pass through the origin, has a slope

of 1.9.
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Figure 3.10: Mobility versus Hall-derived hole concentration for GaAs:C. The solid

squares (dc) and solid triangles (infrared) are our results. The infrared mobilities are

from our effective-plasmon analysis of the reflectivity spectra of Fig. 3.7.
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for GaAs:C reported in earlier studies.3—5,12

Although our m∗opt value is different from the theoretical value adopted by FSP

(Ref. 58) in their work on GaAs:Be, the mobility results for p-type GaAs:C shown

in Fig. 3.9 agree well with their results for p-type GaAs:Be. The slope of the fitted

straight line in Fig. 3.9 corresponds to a µHall/µIR ratio of 1.9. The disagreement be-

tween µHall and µIR is discussed in the next section and ultimately resolved completely

in Sec. 4.4.

3.4 Hole mobility: infrared versus Hall

The two estimates of average hole drift mobility, µIR and µHall, differ by a factor of

1.9. Which is the better estimate for the actual hole drift mobility in GaAs:C?

To answer this question, we consider, aside from instrumental errors, the statistical-

averaging approximations involved in the relations routinely used in the determination

of mobility from dc (Hall-effect) and ac (infrared-optical) measurements.

3.4.1 Statistical considerations in the standard Hall-effect

analysis: the Hall factor

In their work on p-type GaAs, Fukasawa et al. (FSP, Ref. 58), who obtained a similar

result (2.0) for the µHall/µIR ratio, presented a plausible argument for interpreting µIR

as the hole drift mobility. This is based on the Hall factor, a dimensionless quantity

of order unity which enters into the determination of µHall. The measured quantities

in Hall-effect experiments are the resistivity ρ=1/(peµ) and the Hall coefficient RH.

The carrier concentration pHall and mobility µHall are then determined after Eqs. (3.1)

and (3.2).

It has long been known that a numerical factor, now called the Hall factor rHall
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(Sec. 1.4), intervenes in the relation connecting RH and the (actual) carrier concen-

tration p,45,84

RH =
rHall
p e

. (3.5)

Because of this, the actual quantities (µ and p) and the Hall-determined quantities

(µHall and pHall) differ by the Hall factor:

µ =
1

rHall
µHall, (3.6)

p = rHall pHall. (3.7)

The Hall factor rHall is generally expressed by
45,85

rHall =
hτ 2/(m∗)2i
hτ/m∗i2 , (3.8)

where τ is the energy-dependent Boltzmann-equation relaxation time and h i de-
notes the average over the free-carrier distribution. The Hall factor reduces to

rHall=hτ 2i/hτi2 for free carriers of a single type.84,86.
The Hall factor rHall is routinely ignored in Hall-effect determinations of mobility

and carrier concentration, in which the measured µHall and pHall are taken to be

synonymous with µ and p. This is equivalent to assuming that rHall = 1. [From

Eq. (3.8), it may be expected that rHall is slightly larger than 1.0.] To quote Ziman,
84

“This correction is not usually important compared with the other errors inherent in

the calculation.”

Fukasawa et al. (FSP, Ref. 58) interpret the disparity between µHall and µIR as

arising entirely from the Hall factor. This interpretation identifies µIR as the true drift

mobility µ. From Eq. (3.6), the ratio then corresponds to rHall, so that rHall = 2.0.

FSP point out that reported theoretical calculations85,87 of rHall for p-type GaAs give

a range of values that do extend as high as 2. Thus their interpretation of µHall/µIR

as rHall (and their identification of µIR as µ) appears plausible.
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The problem is that if rHall = 2.0 and the measured Hall mobility overestimates

[from Eq. (3.6)] the true drift mobility by a factor of 2, it then follows [from Eq. (3.7)]

that the Hall-derived hole concentration underestimates the true hole concentration

by a factor of 2, so that p = 2pHall. In our own work here on GaAs:C, we have results

that contradict this possibility. For several of our samples, we have experimental es-

timates of the dopant concentration [C] obtained by secondary ion mass spectroscopy

(SIMS) and localized vibrational mode spectroscopy (LVM). These estimates are con-

tained in Table 3.1. To within experimental error (estimated to be ±20% for [C]),

these results are consistent with approximate equality of p and [C], i.e., close to full

activation of CAs donors. This is what is expected, and it agrees with a substantial

body of reported work1,3,8,13,88 for GaAs:C. But if our (Hall-derived) p values were

too low by a factor of 2 (as required by rHall=2.0), this would correspond to a hole

concentration that is twice the carbon concentration, which is highly implausible. We

therefore conclude that rHall cannot be 2.0, but is instead much closer to 1.0. Support

for this comes from recent work46 which finds that rHall is close to 1.0 for p larger

than 3× 1018 cm−3 (our concentration range) in p-GaAs. We conclude that the Hall-
derived p values given in Tables 3.1 and 3.3 are reasonable estimates of the actual hole

concentrations, and that the Hall mobilities in Table 3.1 are reasonable estimates of

the dc drift mobility in these samples. Thus the question posed at the beginning of

Sec. 3.4 is answered in favor of the dc Hall mobility, not the effective-plasmon infrared

mobility.
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3.4.2 Statistical considerations in the standard Drude-model

optical analysis

It should be noted that statistical subtleties, similar to those which introduce rHall

in Hall-effect experiments, also plague the identification of µIR (as the true drift

mobility) in infrared experiments analyzed with the Drude-model effective-plasmon

picture. In the IR analysis, the ac conductivity σ(ω) is taken to have the simple form

σ(ω) =
p e2

m∗
hτi

1− iωhτi , (3.9)

instead of the more rigorous form45,89

σ(ω) =
p e2

m∗

¿
τ

1− iωτ
À
. (3.10)

This approximation avoids the requirement of averaging, at each IR frequency ω, over

the free-carrier distribution. The ac conductivity enters into the infrared reflectivity

analysis by the use of Eq. (3.9) in place of Eq. (3.10) for ²(ω)=²∞+i4πσ(ω)/ω. Having

used the above substitution, we introduce the errors

∆²1
²1

= 1−

θ2
®
/(1 + hθi2)

θ2/(1 + θ2)
® (3.11)

∆²2
²2

= 1− hθi /(1 + hθi
2)

θ/(1 + θ2)
® , (3.12)

to the real and imaginary parts of the dielectric function.90 The dimensionless quantity

θ is ωτ .

Lyden90 carried out a detailed analysis of the effect of this standard IR-analysis

approximation, for different scattering mechanisms and different degrees of degener-

acy η. (In a p-type semiconductors, for a given concentration of holes, η is given by

(Ev-EF )/kT , where EF is the Fermi energy and Ev is the top of the valence band.)

For ionized-impurity scattering [which is the dominant room-temperature scattering
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mechanism in heavily-doped GaAs:C (Refs. 46, 85)], his analysis shows that, in nonde-

generate cases (η<−4, EF in the bandgap, well above Ev), ∆²1/²1 decreases from 50%
to 0% and ∆²2/²2 increases from 0% to 70% as we go from the low-frequency (θ¿1)
to the high-frequency (θÀ1) regime. This implies that the standard IR-analysis ap-
proximation can yield a value of γp that differs from the true value of 1/hτi by nearly
a factor of 2 for low doping. But with increased doping the error decreases, and

Lyden’s work shows the error to be entirely negligible for highly degenerate samples

(η>4, EF below Ev, deep into the valence band). Thus the statistical complication

in the analysis for τ IR (and µIR) disappears in the degenerate limit.

For our thirteen GaAs:C MBE films, the degree of degeneracy η spans values,

at room temperature, from -4.2 to 7.2 from the lowest to the highest dopings. The

five highest dopings [samples (9)—(13)] are highly degenerate (room-temperature η

values are 4.3, 5.0, 5.4, 6.0, and 7.2). (These values were derived using a simple

parabolic band for Ev.) For these samples, the approximation involved in the use of

the standard infrared analysis is a good one.

In addition, for these samples we have carried out calculations of the proper sta-

tistical average at a set of closely spaced frequencies (120 frequency points), using

the usual form of the relaxation-time energy dependence, τ(E)∝E3/2 (where E is the
hole kinetic energy), appropriate for ionized-impurity scattering.90 At each frequency

point, the exact form of the free-hole dielectric function

²exact = −²∞ω2p

¿
1

ω2 + iωγ0x
−3/2

À
(3.13)

was computed. The quantity x contained in Eq. (3.13) is E/kT , a reduced form of the

free-carrier energy. For an arbitrary free-carrier function G(x), its Boltzman-equation
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statistical average is 86

hGi = −2
3

∞R
0

G(x)∂xf(x)x
3/2dx

∞R
0

f(x)x1/2dx

. (3.14)

The exact form of free-carrier dielectric function was substituted for the last term (the

plasmon term) of Eq. 3.3, and the same computational least-squares fitting was carried

out as was done earlier in the standard infrared analysis. The best fits from this exact

method closely reproduce the Drude fits, with insignificant improvement from using

this rigorous procedure. And the results for ωp and γp [determined from the best-fit

value of γ0, using γp=γ0/

E3/2

®
] are essentially unchanged from the Drude-fit values

of Table 3.3. In Table 3.4, the quantitative comparison of the plasma parameters

determined by the two approaches are presented for the low doping and the three

highest dopings.

Based on our extensive investigation regarding the statistical subtleties,

we conclude that the discrepancy between the Hall and the infrared (effec-

tive-plasmon) mobilities, µHall/µIR≈ 2, does not arise from statistical er-

rors involved in either the infrared or the Hall analysis.

We need to turn our attention to the limitations of the effective-plasmon model.

Thus far we have omitted the influence of the intervalenceband contribution. If this

contribution is as important as the free-carrier one, then we have unintentionally

allowed these direct intervalenceband transition processes (which are absent in the

dc Hall-effect experiments) to influence the optical determination of the plasma (in-

traband) parameters contained in the mathematical expression for effective-plasmon

dielectric function. The Hall and IR-effective-plasmon mobilities would lose physical

equivalence, since the low-field mobility would be limited by free-carrier scattering

involving intraband transitions while the optical mobility would be determined by
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Table 3.4: The fifth and sixth columns compares effective-plasmon parameters deter-

mined from the standard Drude analysis (omitting free-carrier statistics) and from

the full free-carrier-statistics analysis. The last column lists the normalized standard

deviations SD = (
P |Rmeasured−Rcalculated|2/N)1/2, where R̄ denotes the average value

of Rmeasured.

Sample η Exact form ωp γp SD/R̄

Yes No (cm−1) (cm−1)

(2) -0.9 X 567 1370 0.021

(2) X 520 1420 0.024

(11) 5.4 X 1810 1160 0.060

(11) X 1780 1190 0.051

(12) 6.0 X 1860 1070 0.084

(12) X 1840 1130 0.078

(13) 7.2 X 2150 1610 0.070

(13) X 2180 1570 0.065
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both these processes and by intervalenceband transitions as well. This would seem

to provide a potential explanation for the too-small µIR we obtain.

The next section and the following chapter are, therefore, devoted to the investi-

gation of infrared-optical intervalenceband absorption and the re-formulation of the

infrared analysis that is necessary for a p-type zincblende-structure semiconductor.

3.5 Infrared hole absorption: implications of the

intervalenceband contribution

Figure 3.11 presents absorptance spectra for our series of MBE GaAs:C films. The ex-

perimental absorptance A, shown by the points in Fig. 3.11, was determined from the

measured reflectivity R and transmittance T (Figs. 3.2—3.5) by using A=1−R−T .54

A broad absorptance band develops in the same region (1000—3000 cm−1) as the

reflectivity minima of Fig. 3.7, and it shifts to higher frequency as p is increased.

The solid lines in Fig. 3.11 are calculated curves based on the effective-plasmon

dielectric function of Eq. (3.3), using the ωp and γp values of Table 3.3 (the same

effective-plasmon parameters as those used to fit the reflectivity results of Fig. 3.7).

The theoretical curves of Fig. 3.11, like those of Fig. 3.7, include the phonon contri-

bution contained in Eq. (3.3), with the phonon parameters of Table 2.1. The phonon

contribution has very little effect for frequencies above 1000 cm−1. The curves of

Fig. 3.11 are obtained from 1−R−T , where R and T are now the calculated reflec-
tivity and transmittance. R corresponds to Eqs. (2.2) and the solid lines in Fig. 3.7.

T is calculated from Eq. (2.3). Both R and T equations are formulated using the

intensity-transfer matrix method, as described in Sec. 2.1.

The effective-plasmon curves of Fig. 3.11 give a fairly good account of the broad

absorptance maxima exhibited by the GaAs:C films. The experimental spectra also
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Figure 3.11: Absorptance spectra of the p-type GaAs:C MBE films, labeled by their

Hall-derived hole concentrations. The points represent experimental results, the lines

represent the theoretical ones based on the effective-plasmon dielectric function with

the effective-plasmon parameters ωp and γp of Table 3.3. The vertical scale is labeled

for the top and bottom spectrum in each panel; the other spectra are successively

shifted, vertically, by 0.8.
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exhibit an additional absorptance contribution at high photon energy.

Absorptance is thickness-dependent, and we want a measure of absorption that

depends only on the film material, namely, the optical absorption coefficient α(hν).

The layer geometry introduces a complexity which prohibits a reliable simple path

to α(hν) from the experimental A(hν) measurements. However, it is straightfor-

ward to calculate α(hν) curves that correspond to the theoretical A(hν) curves of

Fig. 3.11, since these are readily derived from the dielectric function of Eq. (3.3)

with the phonon and plasmon parameters of Tables 2.1 and 3.3. Figure 3.11 shows

that the effective-plasmon A(hν) curves give a reasonably good representation of the

main feature exhibited by the experimental absorptance spectra, the broad maximum

in the 1000—3000 cm−1 (0.1—0.4 eV) region. The corresponding effective-plasmon

absorption-coefficient curves are displayed in the upper portion of Fig. 3.12, labeled

by the samples whose α(hν) they represent. At high doping, these curves develop a

broad low-frequency maximum. This is a consequence of the large effective-plasmon

damping constant γp.

Also included in Fig. 3.12 is Braunstein’s classic α(hν) spectrum 91,92 for GaAs:Zn

at p = 2.7 × 1017 cm−3, which was successfully explained by Kane 29,92 in terms of
direct transitions among the heavy-hole (hh), light-hole (lh), and split-off (so) valence

bands near k=0. At k=0, the hh and lh bands meet, and the so band is lower by the

spin-orbit splitting ∆so. (At room temperature, ∆so is 0.34 eV for GaAs.
44) Interva-

lenceband (IVB) transitions among the three bands are both Raman- and infrared-

allowed.30 Though the infrared activity might have been expected to be weak, because

all three bands are derived from p-like states,21 they are obviously strong enough to

be observed. In Raman scattering, pronounced IVB bands have been observed in

heavily doped GaAs:Zn 21 and in our GaAs:C.17 (The IVB electronic Raman spectra

for our samples are included in Sec. 5.4.) The electronic IVB transitions responsible
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Figure 3.12: The effective-plasmon absorption-coefficient spectra for five GaAs:C

films, labelled by their sample numbers (Table 3.1). Also shown is Braunstein’s

famous α(hν) spectrum (Refs. 91 and 92) for GaAs:Zn. The dashed line is a theoret-

ical plasma absorption curve described in the text, corresponding to the low doping

of Braunstein’s sample. The solid dot, also described in the text, is an estimate for

p = 6× 1019 cm−3 based on scaling the GaAs:Zn so→hh maximum using the known

experimental behavior of p-Ge (Ref. 93).
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for the structure in the GaAs:Zn spectrum are indicated on Fig. 3.12. The lh→hh
and so→hh absorption peaks are much stronger than the so→lh peak, since it is the
hh band which holds most of the holes.

In this infrared region, intervalenceband direct transitions provide a parallel optical-

absorption pathway in competition with free-carrier intraband indirect transitions.

The intraband or plasma contribution to the observed GaAs:Zn α curve may be

represented by the calculated dashed curve near the bottom of Fig. 3.12, which cor-

responds to a plasma frequency of 100 cm−1 and a damping constant of 300 cm−1.

The effective-plasmon αp(hν) curves for samples (4), (7), (9), (12), and (13) do not

show the detailed structure exhibited by the relatively lightly-doped GaAs:Zn sample.

A simple scaling (upward shift) of the GaAs:Zn spectrum in Fig. 3.12 is incorrect,

because the k-space hole occupation of the hh and lh valence bands increases with

doping, as does the ionized impurity scattering. (One may expect, with increased

doping, not only an increase in IVB absorption because of the increased number of

available empty states in the upper valence band, but also a blue shift because of the

E(k) band shapes and a broadening because of increased ionized impurity scattering.)

The only semiconductor for which an experimental study 93 has been made of the IVB

absorption, for hole concentrations spanning a very wide range, is germanium, whose

valenceband structure is similar to that of GaAs. In that study (see Fig. 3.13),

whose authors emphasize the high-doping importance of ionized-impurity scattering,

the so→hh α(hν) peak in p-Ge could be followed up to p = 6× 1019 cm−3, at which
doping it had upshifted and broadened nearly beyond recognition, with a barely

discernible maximum.93 No maximum remained at 1.5 × 1020 cm−3. We have used
those data for the p-dependence of the so→hh maximum in p-Ge, i.e. α(0.32 eV)=63
cm−1 for p = 3×1017 cm−3; α(0.43 eV)=4830 cm−1 for p = 6×1019 cm−3, to re-scale,
both in strength and position, the so→hh maximum in GaAs:Zn to p = 6×1019 cm−3.
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Figure 3.13: Absorption spectra of p-Ge. (Reproduced from Reference 93.)
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The result is represented by the solid dot in Fig. 3.12. This point lies close to the

curve for sample (9), for which p = 6.6× 1019 cm−3.
Recently, combining Kane’s k · p theory 29 with current knowledge of GaAs va-

lenceband parameters (mhh,mlh,∆so), Huberman et al.
64 calculated α(hν) for degen-

erate p-GaAs at 0◦K. Their work included free-carrier absorption and IVB lh→hh
absorption in an isotropic-band approximation. Using Huberman et al.’s isotropic-

approximation expressions, and additionally including the IVB so→lh and IVB so→hh
absorptions via Kane’s theory, we have calculated α(hν) at 300◦K (using Fermi statis-

tics) for p = 1.4× 1020 cm−3. Our calculation includes a lifetime broadening γIVB for
the interband transitions. We use γIVB=2γHall=680 cm

−1, in line with our measured

µHall/µIR ratio and similar to the γIVB=3γHall choice used by Huberman et al. to

obtain results resembling their own data for GaAs:Be. We also added an intraband

contribution, using plasma parameters (ωp=1740 cm
−1 and γp=430 cm

−1) that rep-

resent the dc (Hall-effect) transport properties of this sample. (The detailed IVB

calculation is provided in Chapter Four.) Our calculated α(hν) is the gently varying

dashed curve at the top of Fig. 3.14. There are two shallow maxima in the theoretical

curve which occur near the broad effective-plasmon maximum for sample (13). The

maximum at about 0.1 eV comes from the free-carrier (intraband) absorption, and

the maximum at about 0.2 eV comes from the lh→hh IVB absorption. Also included
in Fig. 3.14 are calculations based on Kane’s calculation 29 (based on Eq. 2.29) for

the lh→hh and so→hh transitions, using Fermi statistics. These calculations omit
lifetime broadening, giving too-sharp features at room temperature.

The theoretical α(hν) curve at the top of Fig. 3.14 overlaps the effective-plasmon

curve up to about 0.35 eV. Above this photon energy, the effective-plasmon curve is

lower. In Fig. 3.11, it can also be seen that, above about 0.4 eV, the effective-plasmon

curve falls below the experimental absorptance. We attribute this above-0.4 eV short-
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Figure 3.14: Theoretical absorption-coefficient spectra at a hole concentration of

1.4× 1020 cm−3. The dotted line corresponds to the two-parameter effective-plasmon
model for the free-carrier absorption. The solid lines labelled by γIVB=0 shows the

room-temperature intervalenceband absorption calculated without lifetime broaden-

ing. The solid line labelled γIVB=2γHall includes both a free-hole intraband contribu-

tion and a lifetime-braodened IVB contribution.
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fall to so→hh transitions, which the effective-plasmon model is less effective in mim-
icking than the low-energy lh→hh transitions.
From the results and comparisons contained in Fig. 3.14, we conclude the fol-

lowing. Our experimentally determined effective-plasmon curves, which give a good

description of the experimental observations for both reflectivity and absorbance, arise

from a combination of two comparable-strength absorption processes: free-carrier in-

traband transitions and intervalenceband transitions. Both processes should scale

roughly with p (though the spectral shapes change appreciably for the IVB features,

which smear out and merge at high doping 93). Experimental infrared measurements

on p-GaAs (or any p-type III-V semiconductor, since all have similar multiband

structures near the valenceband edge) will thus inevitably admix free-carrier and in-

tervalenceband contributions. (See, for examples, the admixture of the two optical

absorption processes observed in lightly-doped p-GaP.94) We have used a free-carrier

effective-plasmon form for the dielectric function, with only two adjustable (best-

fit) parameters, and have found it to yield a good phenomenological description of

the measured infrared reflectivity and absorptance spectra. It is evident that the

effective-plasmon parameters, especially the effective-plasma damping constant, are

significantly affected by the intervalenceband contribution. In other p-type semicon-

ductors with closely-spaced valence bands and important intervalenceband infrared

absorption, γp determined by the effective-plasmon model will also be too large, and

the subsequently-obtained µIR will be too small (vis-à-vis µHall), in a manner similar

to what we have found for GaAs:C.



Chapter 4

Intervalenceband and plasma

absorption in heavily-doped

GaAs:C

4.1 Direct, model-independent, numerical-solution determi-

nation of the optical properties of the GaAs:C films

As has been emphasized, the complication of the film-on-substrate structure prohibits

an extraction of optical properties of the film layer from a single optical (R, T , or A)

measurement. The most useful optical quantities are perhaps the optical constants

n and k. Mathematically speaking, these two pieces of the puzzle can be solved

from two independent equations that represent experimental data from the optical

measurements. We will use our experimental reflectivity and transmittance spectra

for the GaAs:C films (Figs. 3.2—3.5), and we will make use of the R and T equations

for the [air/film/substrate/air] structure (equations 2.2 and 2.3) to represent them.

The most effective iteration technique for solving, numerically, a set of nonlinear

equations, considering the fastest rate of convergence, is Newton-Raphson iteration

99
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(Sec. 2.3.1):

R(ni, ki, d) +
∂R

∂n
∆n+

∂R

∂k
∆k = Rmeasured, (4.1)

T (ni, ki, d) +
∂T

∂n
∆n+

∂T

∂k
∆k = Tmeasured. (4.2)

At each photon energy, the iteration is started from an initial (ni, ki) point [usually

picked along the curve given by R(n, k)−Rmeasured=0 or T (n, k)−Tmeasured=0 thus
referred to as a zero seed]. The approximation of n and k is improved successively by

taking steps (∆n,∆k) in the usual iteration manner. We set a rejection convergence of

3×10−3 for any iteratively-determined (n, k), such that |R(n, k)−Rmeasured| ≤ 3×10−3

and |T (n, k) − Tmeasured| ≤ 3 × 10−3 will be accepted as satisfactory solutions. It is
necessary to repeat this, for each photon energy, with other initial values, so that all

solutions are identified.

An efficient algorithm for this direct numerical-solution technique has been imple-

mented in OptiCon, a computing program developed by D. V. Tsu 70 at the research

department of Energy Conversion Devices, Inc., in Troy, Michigan. With the use of

the OptiCon program we have determined the (n, k) optical properties of our GaAs:C

films from our (R, T ) data of Figs. 3.2—3.5.

For each sample, the input to the program is as follows:

(1) the measured reflectivity Rmeasured and transmittance Tmeasured is specified

at each of 2300 photon energies from 0.07 eV to 0.62 eV (in wavenumbers,

from 550 to 5000 cm−1);

(2) a value for the film thickness d;

(3) at each of these 2300 photon-energy points, the optical constants of the

substrate, (nsub, ksub) are provided, because these are required in the film-

on-substrate R and T equations. The values of (nsub, ksub) were derived

from the bulk GaAs dielectric function, ²sub=²∞+²∞(ω2LO− ω2TO)/(ω
2
TO−
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ω2− iωΓ), using the values of the room-temperature GaAs parameters ²∞,
ωLO, and ωTO given in Table 2.1. The substrate reflective index, nsub =

Re
√
²sub, so obtained is nearly constant (close to 3.3) throughout the

photon-energy region of interest, and the substrate extinction coefficient

ksub=Im
√
²sub is essentially zero;

(4) the value 635 µm for the substrate thickness D.

Figure 4.1 shows optical-constant solutions corresponding to the experimental R

and T for the highest doping (pHall = 1.4 × 1020 cm−3), with three trial values of
the film thickness d. The physical (n, k) solutions (the spectra represented by the

solid lines) are easily distinguished from the extra (n0, k0) solutions (dashed lines) by

a comparison to nsub. The film thickness d is a free parameter, and the curves (n, k)

and (n0, k0) are sensitive to its value. When d is underestimated (515 nm), there is

no solution in the frequency region of 2100—2400 cm−1. When d is overestimated

(525 nm), the physical and the extra spectral curves are again discontinuous, now

displaced vertically. The change in topology, from a horizontal gap to a vertical one,

occurs at the correct d (520 nm). Here the gap disappears, and the physical n curve

is continuous and crosses the extra n0 curve. (The k and k0 curves also exhibit similar

behavior.)

For each of the eight highly-doped GaAs:C films [samples (6)—(13)], the film thick-

ness at the crossing transition [referred to here as the OptiCon thickness or the (R, T )-

determined thickness] were determined and the physical (n, k) were then accurately

extracted from the measured R and T at each photon energy. The (R, T )-determined

thicknesses of the eight samples are given in Table 4.1, along with the MBE-growth-

rate thicknesses. The two thicknesses agree to within 4% in each case. Thus, in

addition to yielding the optical constants (n, k) of the film, this direct numerical-

solution technique can be used to closely determine the film thickness.
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Figure 4.1: (R, T )-determined optical constants for the most highly-doped GaAs:C

film, for three trial values of the film thickness. The curves (n, k) and (n0, k0) corre-

spond to the physical and extra numerical solutions, respectively, as described in the

text. The middle panel represents our results for dfilm, n(hν), and k(hν).
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Table 4.1: The second and third columns give the hole concentration (Hall effect)

and intended (growth-rate) thickness of each MBE GaAs:C film. The OptiCon thick-

ness was determined from our reflectivity and transmittance measurements, using

the numerical technique described in the text. The last two columns give the peak

height and peak position of the experimentally determined absorption band (Fig. 4.3)

identified with light-hole to heavy-hole intervalenceband transitions.

Sample p Thickness (nm) αlh→hh hνlh→hh

(1018 cm−3) MBE OptiCon (104 cm−1) (eV)

(6) 20 750 739 0.9 0.14

(7) 27 500 519 1.2 0.15

(8) 33 500 517 1.4 0.15

(9) 66 500 505 2.5 0.16

(10) 82 500 513 3.0 0.17

(11) 91 350 346 3.2 0.18

(12) 110 500 507 3.6 0.19

(13) 140 500 520 4.0 0.20
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The direct numerical-solution technique is, however, not applicable for our GaAs:C

film with pHall lower than 2×1019 cm−3: For sample (1), the crossing topology cannot
be found with any trial value of the film thickness. For lightly-doped samples (2)—

(5), the (R, T )-determined thicknesses are much smaller (∼30%) than the growth-
rate-determined MBE thicknesses. When the film layer is not sufficiently different

(in optical properties) from the substrate, the extraction of the physical solution is

difficult and ambiguous because there are too many closely-spaced solutions at some

photon-energy points. Solution curves at the crossing topology that ought to be n and

k spectra exhibit physically implausible qualities, such as being broken or multivalued

or having unreasonable values.

In addition, the Newton-Raphson iteration method does not work in the region of

very strong absorption. When T is very small so that the derivatives of T with respect

to n and k approach zero, an overflow error occurs during the iteration process. In

our case, this prohibited our use of this method in the far-infrared region (200—550

cm−1) of the strong TO-phonon and two-phonon absorptions. Because of this, we

were only able to determine the optical constants of highly-doped samples in the

mid-infrared region (550-5000 cm−1). Fortunately, this region contains the plasmon

and intervalenceband processes of interest to us.

The refractive index n and extinction coefficients k for GaAs:C, with Hall-derived

hole concentration between 2.0 × 1019 to 1.4 × 1020 cm−3, are presented in the left
(n) and right (k) panels of Fig. 4.2, respectively. One can further determine the

corresponding dielectric function ² by ²=n2−k2+i2nk.
Now we can derive the experimental absorption coefficient α(hν) (obtained from

Rmeasured(hν) and Tmeasured(hν) without the use of the effective-plasmon model) from

the k(hν) spectra of Fig. 4.2, using α=4πνk/c. The α(hν) results, for the eight highly

doped GaAs:C films, are shown in Fig. 4.3. At high doping (pHall > 6× 1019 cm−3),
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Figure 4.2: The optical constants n(hν) and k(hν) of p-type GaAs:C, labelled by the

Hall-derived hole concentrations. The vertical scale is labelled for the top and bottom

spectrum in each panel; the other spectra are successively shifted, vertically, by 3.0.
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Figure 4.3: The experimental absorption coefficient α(hν) for eight heavily-doped

GaAs:C films, extracted from the experimental R and T using the direct numerical-

solution technique. Shown from top to bottom are the results for samples (13) to (6),

with pHall decreasing from 1.4 × 1020 to 2.0 × 1019 cm−3. The dashed lines are the
α(hν) curves, for samples (13) and (6), corresponding to the effective-plasmon model

of Chapter Three.
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α(hν) reveals two separate, broad peaks at about 0.1 and 0.2 eV. We identify the

lower-energy peak as the actual plasmon peak αplasmon, and the higher-energy one as

the intervalenceband light-hole-to-heavy hole (IVB lh→hh) peak αlh→hh. These two

peaks were not resolved in the absorptance spectra of heavily-doped p-type GaAs

films recently reported by Huberman et al.64, and they were naturally not resolved in

the effective-plasmon curves of Fig. 3.11.

In comparison to the α(hν) observed by Braunstein and Kane 92 on lightly-doped

p-type GaAs:Zn (pHall = 2.7× 1017 cm−3, see Fig. 3.12), the lh→hh IVB absorption
band is much stronger in our heavily-doped samples, while the partially resolved

so→lh and so→hh absorption bands, seen in their lightly-doped p-type GaAs at about
0.3 and 0.4 eV, respectively, are stronger but broadened nearly beyond recognition in

heavily-doped p-type GaAs. Similar severe broadening of IVB absorption bands has

been observed for heavily-doped p-type Ge (Fig. 3.13).93

4.2 Limitations of the effective-plasmon model for p-GaAs

In Chapter Three, the standard free-carrier infrared analysis for holes in a p-type

semiconductor was carried out for the observed reflectivity spectra of our GaAs:C

samples. The very broad reflectivity minimum seen at high dopings required a large

damping constant γp in the effective-plasmon Drude description. No explicit consid-

eration of the intervalenceband contribution was included. Instead, the IVB contribu-

tion was implicitly folded into the two effective-plasmon parameters ωp and γp. The

effective-plasmon α(hν) necessarily contains just a single broad band. In Fig. 4.3, it

is seen to approximately span the region covered by the two bands resolved by our

numerical analysis of the experimental (R, T ) data. For such a simple two-parameter

phenomenological model, the effective-plasmon model actually does a reasonable job
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of representing the overall behavior of the experimental α(hν). But it is of course un-

able to capture the two-peak character of the actual α(hν). That two-peak character

arises from the parallel plasmon and intervalenceband absorption processes.

Although the effective-plasmon model is standard operating procedure for ana-

lyzing infrared reflectivity spectra of doped semiconductors, we see that it cannot

be straightforwardly applied to p-GaAs (or, in fact, to other III-V’s with similar va-

lenceband structure) because the quantities ωp and γp so obtained do not accurately

reflect the properties of the real hole plasmon. These effective-plasmon parameters

are significantly influenced by the intervalenceband contribution to the optical ab-

sorption. The damping constant γp is especially affected; it is large because the

single effective-plasmon absorption band must be broad [in its attempt to mimic the

observed α(hν)] in order to span the region covered by the real-plasmon and the IVB

absorption bands. This large γp translates into a small “infrared mobility” µIR. The

too-small infrared mobilities (about half as large as µHall), operationally obtained

within the context of the effective-plasmon model, result from the entanglement of

plasmon and IVB absorption in the observed spectra. To determine the true plasmon

contribution, we need to separate out the effect of the intervalenceband processes.

4.3 Infrared hole absorption: disentanglement of the

intervalenceband and the plasmon contributions

In order to extract properties representative of the true hole-gas plasmon from the

experimental absorption spectra of Fig. 4.3, we have carried out a fitting procedure

which incorporates a calculation of the intervalenceband contribution to the optical

dielectric function.

Intervalenceband transitions among the heavy-hole (1), light-hole (2), and split-off
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(3) bands contribute to the IVB susceptibility:

4πχIVB = 4π(χ21 + χ31 + χ32). (4.3)

The χij are formulated using an oscillator model in the isotropic-band and relaxation-

time approximations (Eq. 2.33 in Sec. 2.2.2):

4πχij(ω) =
4πe2

m

Z
dEjig(Eji)

2mk2

~2Eji

·
Wij(k)fij

ω2ji − ω2 − iωγij

¸
. (4.4)

Here k = |k| is the magnitude of the electron wavevector, Wij(k) is the optical matrix

element for a direct transition between the valence bands i and j, ~ωji=Ej(k)−Ei(k)
is the transition energy, g(Eji)=k

2/π2|dEji/dk| is the joint density of states, fij =
f(Ei)−f(Ej) is the difference between the room-temperature Fermi-Dirac occupation
probabilities, and γij is the damping constant of the i→j intervalenceband transition
process.

We derived, based on Kane’s k · p theory (Sec. 1.2), analytic equations [Eqs. (1.19)—
(1.25)] for the valenceband energies E100(k), E110(k), andE111(k) in the three wavevec-

tor directions h100i, h110i, and h111i. Although we simplify the calculation by using
the isotropic-band approximation, we implicitly take into account the anisotropy of

the valence bands in GaAs by averaging the band energies over the three directions

so that

E(k) = 0.27E100 + 0.46E110 + 0.27E111. (4.5)

The weight 0.27 forE100 was determined by generating 150 evenly-distributed wavevec-

tors around a common origin k=0, counting the vectors that make a smaller angle

to the h100i axes than to the h110i and h111i axes, and normalizing the count as the
weight of E100(k). A Similar procedure was used to find the weights of E110(k) and

E111(k). Using the analytic expressions Eqs. (2.22)—(2.27) derived by Kane,29 based
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on A · p theory, we calculated the matrix elements Wij(k) in the same manner as we

did for E(k).

The inputs to the IVB calculation include four band-structure quantities for GaAs:

the k=0 spin-orbit splitting ∆so to the split-off valence band (0.34 eV, from Ref. 44),

and the three k · p valenceband parameters (L,M,N). Fermi-Dirac statistics (by the
use of the Fermi function) is also included, for holes at room temperature. The Fermi

energy EF is estimated from the Hall-derived hole concentration pHall, by numerically

solving for EF :

pHall = phh(EF ) + plh(EF ). (4.6)

At room temperature, the concentration of holes in the split-off band is negligible.

In equation (4.6), phh(EF ) is the concentration of heavy holes at room temperature,

given byZ
dEhhg(Ehh)(1− fhh) =

Z
dEhhg(Ehh)

½
1− 1

e(Ehh−EF )/kBT + 1

¾
. (4.7)

Here g(Ehh) = k
2/π2|dEhh/dk| is the heavy-hole density of states. A similar integral

is used for the light-hole concentration plh(EF ). At low doping (2×1019 cm−3), 95% of
the holes are in the hh band, 5% are in the lh band. For our highest doping (1.4×1020

cm−3), 94% of the holes are in the hh band, 6% are in the lh band.

There is one adjustable parameter in the IVB portion of the optical dielectric func-

tion, a broadening (damping) constant γIVB. For simplicity, to minimize the number

of adjustable parameters, we are assuming the equality of the three intervalenceband

transition processes: γ21=γ31=γ32=γIVB.

To complete the dielectric function, we add the Drude-model term as the hole-

plasmon susceptibility

4πχplasmon = −
²∞ω2plasmon

(ω2 + iωγplasmon)
(4.8)
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with plasmon parameters ωplasmon and γplasmon, where ωplasmon and γplasmon more real-

istically represent the properties of the actual hole plasmon than ωp and γp do. (The

true-plasmon quantities are denoted by ωplasmon and γplasmon to distinguish them from

the effective-plasmon ones ωp and γp.) The total dielectric function

² = ²sub + 4π(χplasmon + χIVB) (4.9)

thus contains three adjustable parameters (γIVB,ωplasmon, γplasmon). These quanti-

ties are determined by minimizing
P |αmeasured − αcalculated|2, where αmeasured is the

experimentally observed absorption coefficient of Fig. 4.3 and αcalculated is obtained

from αcalculated=4πνk/c=4πνIm[²
1/2]/c containing the parameters γIVB, ωplasmon, and

γplasmon. The numerical integrations for χIVB (equations 4.3 and 4.4) were carried

out using the trapezoidal approximation. Each function of k was evaluated for 500 k

values from 0 to kmax. The upper limit kmax was set to correspond to the cutoff of

the joint Fermi function fij (at the highest doping, kmax = 2.5× 107 cm−1).
Among those sets of (L,M,N) valenceband parameters of GaAs, given in Tables

1.1 and 4.2, three sets (reported by Balslev et al.,40 Skolnick et al.,34 and Ekardt et

al.37), when used in the IVB calculation, yield excellent fits to the measured α(hν)

of the most highly-doped sample (pHall = 1.4 × 1020 cm−3). Table 4.2 compares the
fitting results obtained with the various published sets of (L,M,N). The best fit is

achieved using the values of Ekardt et al.37 given in the the first row of the table.

With these, the standard deviation of αcalculated with respect to αmeasured is nearly

an order of magnitude better (i.e., smaller) than obtained with the effective-plasmon

model (included in Table 4.2 for comparison) of Chapter Three.

For the most heavily-doped sample, a comparison between the experimental ab-

sorption coefficients and the calculated ones are shown in Fig. 4.4. The continuous

curve labelled Ekardt et al. is αcalculated(hν) and the dots denote αmeasured(hν). Also
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Table 4.2: The values of ωplasmon, γplasmon, and γIVB for the GaAs:C film with p =

1.4 × 1020 cm−3, for several published sets of the GaAs (L,M,N) band-structure
parameters. SD is the value of the minimized standard deviation of (αmeasured −
αcalculated) and ᾱ is 2.4 × 104 cm−1, the average absorption coefficient between 0.07
and 0.62 eV. Also included are the corresponding values for the effective-plasmon

model in which ωp and γp are listed in the triple column.

L, M , N ωplasmon γplasmon γIVB SD/ᾱ

(~2/2m) (cm−1) (cm−1) (cm−1) (%)

Ekardt et al.37 −17.5,−3.4,−18.0 1570 520 1000 1.3

Balslev 40 −16.9,−3.2,−17.3 1580 570 1030 1.6

Skolnick et al.34 −17.0,−3.5,−17.3 1570 490 930 2.8

Neumann et al.39 −19.7,−2.4,−17.5 1644 750 1110 7.0

Shanabrook et al.41 −15.4,−4.0,−16.4 1550 390 890 7.6

Said and Kanehisa 38 −16.8,−3.9,−18.3 1560 420 1040 8.4

Pfeffer and Zawadzki 35 −18.6,−3.9,−19.8 1560 420 1030 8.8

Effective-plasmon model N/A 2150 1610 N/A 10.6

Huberman et al.64 −17.1,−3.0,−14.1 1640 650 970 13.8

Vrehen et al.36 −18.2,−3.2,−15.0 1650 620 1010 17.3
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Figure 4.4: Comparison of the experimental absorption spectrum (solid dots) with

calculated spectra (continuous lines) which use, for the intervalenceband dielectric-

function contribution, the band parameters of Skolnick et al. (Ref. 34) and Ekardt

et al. (Ref. 37). (The scale at the left corresponds to the Ekardt-et-al. comparison;

the scale at the right corresponds to the Skolnick-et-al. comparison.)
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included in this figure is a similar comparison carried out using the band parameters

of Skolnick et al. for αcalculated(hν), illustrating the small but noticeable preference,

in this optical study, for the Ekardt-et-al. values. None of the other sets of band

parameters fit our infrared results as well as the first three sets listed in Table 4.2.

We adopted the Ekardt-et-al. values for use in analyzing the αmeasured curves

of samples (6)—(13). The IVB damping constant γIVB and the plasmon parameters

ωplasmon and γplasmon were determined by the least-squares fitting procedure as de-

scribed. The best-fit values of these optical parameters are given in Table 4.3.

Figure 4.5 shows that the two broad peaks seen, at pHall > 6 × 1019 cm−3, in
the (R, T )-determined experimental absorption spectrum are well reproduced by our

calculation specified by the three best-fit parameters. At lower dopings (pHall <

6×1019 cm−3), for which the two-peak structure becomes less evident as the plasmon
peak moves toward zero frequency, the calculated curves continue to exhibit the same

frequency dependence as the αmeasured curves.

The broad peak centered near 0.2 eV is seen to arise from interband transitions

from the light-hole to the heavy-hole valence band. This is demonstrated by the

solid curve labelled by lh→hh in Fig. 4.6, which shows the α(hν) corresponding to

the dielectric function due to light-to-heavy-hole transitions alone, i.e. ²∞+4πχ21.

Similarly, using the α(hν) corresponding to ²plasmon(hν) alone, the broad peak near

0.1 eV is seen to arise from the plasmon contribution (dashed line) to the dielectric

function. Each absorption component is proportional to the number of holes that take

part in that process. The intraband (plasmon) component is the strongest because

both heavy and light holes participate, while the so→lh component is the weakest
because only the light holes take part.

The corresponding plasmon and combined IVB components of the observed dielec-

tric function are shown in Fig. 4.7. Represented by the dashed line, the monotonically
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Table 4.3: The Hall-derived hole concentrations, the intervalenceband damping con-

stant γIVB, the true plasmon parameters ωplasmon and γplasmon, the infrared mobilities

derived from γplasmon and m
∗
h = 0.38m, and the corresponding Hall-to-infrared mo-

bility ratios.

Sample pHall γIVB ωplasmon γplasmon µIR µHall/µIR

(1018cm−3) (cm−1) (cm−1) (cm−1) (cm2/V s)

(6) 20 880 660 310 80 1.1

(7) 27 960 770 325 75 1.2

(8) 33 960 830 330 74 1.1

(9) 66 1010 1140 405 60 1.2

(10) 82 970 1270 435 56 1.2

(11) 91 1050 1370 470 52 1.3

(12) 110 980 1430 465 53 1.2

(13) 136 1000 1570 525 47 1.2
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Figure 4.5: The solid lines (nearly indistinguishable here from the (R, T )-determined

experimental absorption spectra shown by the points) correspond to a dielectric func-

tion which explicitly includes an intervalenceband contribution as well as a plasmon

contribution. Shown from top to bottom are α(hν) curves corresponding to samples

(13) to (6).
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Figure 4.6: The solid line represents the IVB contributions to the observed absorption

(The solid dots) from transition processes among the heavy-hole (hh), light-hole(lh),

and split-off (so) bands. The plasmon (intraband) contribution is shown by the

dashed line. For the corresponding dielectric-constant contributions, the separate

contributions add up to the total dielectric function because ² is a linear response

function. But this is not the case for α (or for n and k). The absorption coefficient is

not an additive property, which allows the plasmon α(hν) to apparently exceed the

total (observed) absorption at the left.
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Figure 4.7: The observed, (R, T )-determined, dielectric function of the most highly-

doped GaAs:C sample is shown by the solid dots. The intervalenceband contribu-

tion 4πχIVB is shown by the solid lines. The Drude-model plasmon contribution

4πχplasmon is contained (along with the high-frequency background contribution ²∞)

in the dashed lines.
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decreasing (with increasing frequency) behavior of the plasmon ²2 is characteristic

of plasmon (intraband) absorption while the intervalenceband ²2 exhibits a charac-

teristic peak. The plasmon and IVB dielectric-function contributions add up closely

to the (R, T )-determined dielectric function (represented by the dots), as already

demonstrated by the α’s derived from ²1 and ²2 (Fig. 4.5). Our analysis shows that

the observed dielectric function contains an admixture of plasmon and intervalence-

band characteristics, which cannot be reproduced by one plasmon component (as in

the effective-plasmon model), or even two plasmon components, because of the peak

present in ²2.

We note that our analysis of the intervalenceband contribution to the optical

properties differs, in some details, from the one carried out by Kane 29 in his study

of lightly-doped p-Ge and the one carried out by Huberman et al.64 in their study of

highly-doped p-GaAs. Table 4.4 outlines the three approaches. The methods used

by Kane and by Huberman et al., applied to our most highly-doped sample, were

discussed earlier in Sec. 3.5 and shown in Fig. 3.14.

4.4 True hole-plasmon properties: the correct infrared mo-

bilities

Having separated, in the manner described, the plasmon and intervalenceband contri-

butions to the observed absorption spectrum, we now examine the quantities ωplasmon

and γplasmon. These should more accurately describe the actual hole plasmon in

GaAs:C than the IVB-entangled effective-plasmon quantities reported earlier for these

samples (Table 3.3 and Ref. 56). Our results for ωplasmon and γplasmon are contained

in Figs. 4.8 and 4.9.

Figure 4.8 presents a plot of ωplasmon against p
1/2
Hall. Figure 4.9 presents a plot of
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Table 4.4: Outline of the calculational approaches for intervalenceband transitions

adopted by Kane, Huberman et al., and in this dissertation.

Kane Huberman et al. Present study

(Ref. 29) (Ref. 64)

samples lightly-doped p-Ge highly-doped p-GaAs highly-doped p-GaAs

thin films thin films

data α(hν), 77K A(hν), 300K α(hν) obtained

and 300K from (R, T ), 300K

approximation isotropic isotropic isotropic

values used from cyclotron- deduced from reported by

for the (L,M,N) resonance mhh,mlh,∆so Ekardt et al.

valenceband experiments sphericalized by

parameters L =M +N

IVB lh→hh, so→lh, lh→hh lh→hh, so→lh,
contributions so→hh so→hh
construction distribution distribution distribution

of ²(hν) of undamped of damped of damped

from interband oscillators, oscillators, oscillators,

energies and γIVB = 0 γIVB = 3γHall γIVB determined

matrix elements by best fit

form of α(hν) analytic numerical numerical

function intergration integration

k directions ∆,Σ,Λ,Υ ∆ ∆,Σ,Λ

with corresponding 0.09:0.22:0.16:0.53 1.00 0.27:0.46:0.27

weights

averaged α(k) none E(k),W (k)
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Figure 4.8: The dependence of the plasma frequency on the square root of the Hall-

derived hole concentration. The slope corresponds to a Hall factor of 0.9.
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Figure 4.9: The Hall mobility µHall plotted against the infrared mobility µIR. The

solid squares correspond to the true infrared mobility (the sixth column of Table

4.3), limited by intraband scattering processes. The open triangles correspond to the

effective-plasmon-model infrared mobility (the third column of Table 3.3), which un-

derestimates the actual mobility because of the neglect of the role of intervalenceband

optical absorption.
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µIR/µHall, where µHall is the measured Hall mobility and µIR is obtained from

µIR =
e

m∗hγplasmon
. (4.10)

Herem∗h is 0.38m, obtained by using the directionally-averaged density-of-state masses

mhh=0.50m and mlh=0.088m for the heavy and the light holes44 and the expression

for the two-band transport mass m∗h=(m
3/2
hh +m

3/2
lh )/(m

1/2
hh +m

1/2
lh ).

48 The results of

Fig. 4.8 exhibit the expected linear relationship between the square of the plasma

frequency and the carrier concentration,

ω2plasmon =
4πpe2

²∞m∗h
. (4.11)

In Eq. (4.11), p is the actual hole concentration, which is given by rHallpHall where rHall

is the Hall factor.58,56,45,46 The Hall factor also intervenes in the connection between

the actual drift mobility µ and the measured Hall mobility µHall, µ = (1/rHall)µHall.

From Eq. (4.11) and p = rHallpHall and the measured slope of the line in Fig. 4.8,

we obtain rHall = 0.9. From Eq. (4.10) and rHall=µHall/µ and the measured slope of

the line in Fig. 4.9 and the assumption that µ=µIR, we obtain rHall=1.2. We view the

approximate agreement between the two estimates of rHall as quite reasonable, and

both estimates are consistent with previous experiments supporting a value close to

unity for highly doped p-GaAs.46,56

In Fig. 4.9 we have included our earlier results for µIR based on the (usual)

effective-plasmon model using Eq. (4.10) with the effective-plasmon γp in place of

γplasmon and an optical hole mass m
∗
opt in place of m

∗
h. As discussed earlier, the

effective-plasmon γp is forced to be large (and the corresponding µIR is forced to be

small) in order to encompass both the true-plasmon and the IVB absorption bands;

it is this which leads to the discrepancy between the effective-plasmon µIR and the

dc mobility µHall. But our results for the true-plasmon µIR, obtained by separating
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the plasmon contribution from the intervalenceband one, show that (for highly doped

p-GaAs) the actual optical mobility µIR is close to µHall, and that both (because the

Hall factor is close to 1.0) provide close approximations to the drift mobility µ.



Chapter 5

Raman scattering and

photoluminescence

5.1 Experiments

Room-temperature Raman-scattering measurements were carried out on the GaAs:C

films in a near back-scattering geometry. The samples were excited by a laser beam

from an Ar+ ion laser or a Kr+ ion laser. The incident light was focused on the

sample surface with illuminating power of about 35 mW and a focus spot size of

about 0.2 mm. Inherently well-defined polarization of the incident light (laser beam)

was used with no additional polarizer. Each sample was oriented so that the inci-

dent polarization was parallel to a h100i or a h110i crystal axis. The scattered light
was collected from the sample surface [(100) plane] and then routed to be spectrally

analyzed by a Spex 1403 scanning spectrometer. The spectrometer consists of two

successive monochromators, each of which is equipped with a diffraction grating with

a line density of 1800 grooves/mm. The spectrometer registers each component fre-

quency of the scattered light as a Raman shift or Stokes shift that represents the

downshift in the frequency relative to the excitation (laser) frequency. A Hamamatsu

R943-02 photomultiplier detector attached to the spectrometer was used in photon-

counting mode. Typical data acquisition time for a clean Raman-scattering spectrum

125
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containing photon counts at 200 frequency points, considering the efficiency of the

Raman-spectrometer system and the weak Raman-scattering signal from our GaAs

samples, is about 3—5 days.

The horizontal scale of the measured Raman spectra was properly calibrated by

using the strongest emission line of mercury at a frequency of 18,312.5 cm−1. This

line is available in the laboratory’s overhead fluorescent lamps.

In general, the focal lengths of the monochromators, the line density of the grat-

ings, and the spectrometer slit widths determine the spectral resolution.55 There

are four spectrometer slits to be considered. The entrance and exit ones essentially

control the resolution, while the two center ones are responsible for blocking stray

light. The finite width of the entrance/exit slits have an observable broadening ef-

fect on a Raman line (photon intensity versus scattering frequency profile), especially

for a single-phonon line whose natural Raman profile is narrow and Lorentzian-like.

The broadening effect can easily be seen when a large slit width is used (slit width

> 600µm, for example) so that the observed Raman line appears with a Gaussian-

like shape, which reflects more of the instrumental response than the spectral pro-

file of the scattering mode under investigation. The measured width is then larger

than the natural width. The observed width should approach the natural one when

the slit width is small enough. But using a small slit width reduces the already-

weak Raman-scattering intensity. A higher spectral resolution or lower broadening

effect is traded off for an extremely long data-aquisition time. However, only a small

slit width is necessary for low-frequency Raman scattering measurements investigat-

ing the one-phonon scattering region. For these experiments, we used a 300µm-

slit width corresponding to an instrumental resolution (spectral slit width) of 3.2

cm−1 when using the Argon-ion blue line. This spectral slit width is acceptable, al-

though it is comparable to the 2.5 cm−1 natural width (full-width-at-half-maximum,
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FWHM) of the LO and TO phonon lines in GaAs. A spectral-width propagation

FWHM2
observed=FWHM

2
phonon+FWHM

2
slit can be used to roughly estimate the natural

width of the phonon line.

For high-frequency measurements of spectrally broad (FWHM > 50 cm−1) elec-

tronic Raman scattering and photoluminescence, a slit width of 1000 µm was used,

corresponding to a spectral slit width of about 10 cm−1.

In addition to the experimental Raman data obtained with the Spex Raman sys-

tem in our lab at Virginia Tech, additional Raman spectra of several GaAs:C films

were obtained using a Renishaw microprobe (Renishaw Raman system) at Imperial

College, London.

Since this chapter covers Raman and photoluminescence data in a variety of scat-

tering configurations and excitation energies, the experimental descriptions are given

in the figure captions. λL is reserved for the excitation (laser-line) wavelength. A

standard notation ki(ei, es)ks is used for the scattering configuration, where ei and ki

denote respectively the polarization and the wavevector of the incident light, while es

and ks denote those of the scattered light. A diagram of ki, ks, and the scattering

wavevector q involved in a momentum/energy-conserving Raman-scattering event is

shown in Fig. 5.1.

For the studies of the polarization dependence, a polarization component of the

scattered light was selected by an analyzer. The analyzer axis was set either parallel

or perpendicular to the incident polarization. The selection rules of the Raman tensor

are examined for x(y, y)x̄, x(y, z)x̄, x(y0, y0)x̄, and x(y0, z0)x̄, where x, y, and z denote

[100], [010], and [001] directions; y0 and z0 denote [011] and [01̄1] directions; and x̄ is

[1̄00], the opposite direction of x.
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Figure 5.1: Optical and wavevector diagrams of Raman-scattering experiments for an

opaque GaAs sample. (a) near-back-scattering geometry. Because of the large refrac-

tive index of GaAs (n≈ 4.4 for λL=488 nm), the internal incident angle is about 10
degrees to the normal axis. The lens system collects only photons back-scattered into

the lens’ field of view. (b) back-scattering geometry. ki,s is the excitation/scattered

photon wavevector, ωi,s is the excitation/scattered photon frequency. q is the scat-

tering wavevector and ωi−ωs is the Raman shift (Stokes shift), both of which charac-
terize the solid-state excitation (phonon, electronic excitation) created in the Raman

scattering event.
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5.2 The unscreened, redshifted, LO phonon

Light propagating in a crystal can be scattered by crystal excitations. Among these

are the transverse optical (TO) and longitudinal optical (LO) lattice vibrations, the

TO and LO phonons. Atomic displacements u of phonon frequency ω and wavevector

k modulate spatially and temporally the crystal response to the incident light. This

modulation induces radiating sinusoidal polarization waves with slightly different fre-

quencies and wavevectors from those of the incident one. The emitted radiation of

smaller (or higher frequency) is referred to as Stokes (or anti-Stokes) scattered light.

(In a particle-interaction picture, a phonon is created in a Stokes scattering event

while it is annihilated in an anti-Stokes scattering event.)

Raman scattering by the near-zonecenter longitudinal optical (LO) and trans-

verse optical (TO) phonons in zincblende-structure semiconductors has long been

observed, and the selection rules are well understood and described by their Raman

tensors R = (∂χ/∂u)û.27 The scattering intensity is proportional to |ei ·R ·es|2; thus
the occurrence (or non-occurrence) of Raman LO-phonon and TO-phonon lines is

predictable for a particular scattering configuration, specified by the polarizations ei

and es of the incident and scattered light, the wavevectors ki and ks, and the Raman

tensors. Momentum and energy conservation require, for Stokes scattering, a phonon

of wavevector q=ki−ks (the scattering wavevector) and frequency ω=ωi−ωs (the
Raman shift). Modes of the atomic vibrations [longitudinal one (u k q) or transverse
ones (u ⊥ q)] are chosen by the light polarizations via the Raman tensors. Table 5.1
lists the selection rules for the TO and LO phonons in zincblende-type semiconductors

for various scattering configurations.

In a doped semiconductor, the plasmon and LO phonon do not scatter light indi-

vidually, but incorporate as two longitudinal coupled modes having an admixed
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Table 5.1: Selection rules for Raman scattering by the zone-center LO and TO

phonons in zincblende-type semiconductors (from Reference 27), for back scattering

from a (100) surface (the first four rows) and a (110) surface (the last three rows).

Scattering geometry polarizations |ei ·R · es|2

TO phonon LO phonon

x(y,y)x̄ and x(z,z)x̄ k 0 0

x(y,z)x̄ and x(z,y)x̄ ⊥ 0 |dLO|2

x(y0,y0)x̄ and x(z0,z0)x̄ k 0 |dLO|2

x(y0,z0)x̄ and x(z0,y0)x̄ ⊥ 0 0

y0(x,x)ȳ0 k 0 0

y0(z0,x)ȳ0 ⊥ |dTO|2 0

y0(z0,z0)ȳ0 k |dTO|2 0
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character of both the the plasmon and the LO phonon. To investigate the coupled-

mode scattering in the GaAs:C films, we carried out Raman-scattering measurements

using λL=488 nm in the near-back-scattering geometry of Fig. 5.1(a) in configura-

tion x(y0,y0+z0)x̄ with no polarization analyser in the scattered beam. Figure 5.2

presents the experimental Raman spectra of the GaAs:C films. The observed spectra

include a Raman component that we attribute to the phonon-like coupled mode. The

coupled-mode profiles are indicated by the dashed curves. L− and L+ are the sym-

bols generally used to denote, respectively, the lower-frequency and higher-frequency

coupled longitudinal modes. We will give, in the next two sections, an analysis of the

coupled mode.

Two sharp Raman lines are seen at about 268 cm−1 and 292 cm−1, which are

the positions of the TO-phonon and the unscreened LO-phonon lines, respectively.

Raman scattering by the LO phonon is often seen in doped semiconductors (including

n-type and p-type GaAs 19,16,95,96) in which free carriers are absent from the near-

surface depletion layer. The LO phonon in the depletion layer is active and allowed

in back-scattering geometry. Considering the small penetration depth of the incident

light (80 nm) which does not exceed the thickness of the C-doped layer (350—750

nm), the observed LO-phonon line is contributed by the depletion layer rather than

the substrate, since the substrate is not accessible to the short-penetrating light.

This identification of the source of the LO phonon line is also supported by the

reduction in its relative intensity as the depletion layer diminishes in thickness when

the semiconductor becomes highly doped.27,55 The TO-phonon line is, on the other

hand, forbidden in this geometry (Table 5.1). The observation of the TO-phonon

line in our near-back-scattering spectra may be due to the deviation from the perfect

back-scattering configuration.

In Fig. 5.3 are the peak positions and linewidths (FWHMs) of the TO and LO
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Figure 5.2: Experimental Raman-scattering spectra, obtained with the Spex spec-

trometer, of the GaAs:C films (labelled by the Hall-derived hole concentration in

cm−3). The scattering geometry is x(y0,y0+z0)x̄, the excitation wavelength is 488 nm,

and the spectrometer resolution 3.2 cm−1. The dashed lines are calculated curves, dis-

cussed at the end of Sec. 5.4, for the contribution of the L− coupled plasmon-phonon

mode.
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Figure 5.3: Peak positions and linewidths of the Raman TO and LO-phonon lines

observed in the GaAs:C films. The open squares show the data for the TO line; the

solid squares show the data for the LO line.
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Raman lines as functions of Hall-derived hole concentration. The observed frequencies

of the LO phonon, ωLO,measured (solid squares) are plotted relative to 292 cm
−1; those

of the TO phonon, ωTO,measured (open squares) relative to 268 cm
−1. The two reference

frequencies are the frequencies of the near-zone-center (q≈0) LO and TO phonons,

respectively. To within experimental error (±0.5 cm−1), ωLO,measured and ωTO,measured

shifts down (redshift) with increasing doping. The linewidths (plotted after correc-

tion for the instrumental resolution) represent the phenomenological doping-induced

broadenings of the TO and LO lines.

Figure 5.4 shows the polarization-dependent Raman spectra of the GaAs:C films,

illustrating no severe violation of the Raman selection rules for the redshifted LO

line.

Similar red shifts of the LO phonon line in p-GaAs are also reported in GaAs:C

films grown by metallo-organic chemical vapor deposition.16 Compared to our results,

those exhibit stronger red shifts at comparable hole concentrations. This may be due

to crystalline quality of the samples. Raman data for neither MBE-grown Zn-doped

nor Be-doped GaAs reveals noticeable red shifts for the LO phonon.58,97

5.3 Coupled plasmon-LO-phonon modes in GaAs:C

A propagating mode of longitudinal atomic/free-carrier vibrations requires a special

frequency at which the dielectric function ²(q,ω) vanishes. Representing ²(ω) in a

long-wavelength limit or small-wavevector limit q=0, the phonon/plasmon dielectric

function of Eq. (3.3) has two complex roots ω±: ²(ω±)=0. The real parts Re(ω±)

give the coupled-mode frequencies and the quantities -2Im(ω±) the damping rates of

the vibrations. Damping of free-carrier (plasma) vibrations matters in the coupling of

phonon and plasmon. This is demonstrated in Fig. 5.5. For a lightly-damped plasmon
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Figure 5.4: Polarization dependence of back-scattering Raman spectra of our GaAs:C

films. These measurements were made by Ming-Liang Hsieh at Imperial College,

London, using λL=488 nm and a Renishaw Raman system. Similar, though less

complete, polarization-dependent spectra were obtained, using the Virginia Tech Spex

Raman system.
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Figure 5.5: Dispersions (with respect to plasma frequency) of frequencies and broad-

enings of the plasmon-LO-phonon coupled modes, for two choices of a fixed value

for the plasmon damping constant γplasmon. The solid circles indicate modes having

plasmonlike character while the open circles indicate phononlike character. The plot-

ted ω’s are roots of ²(ω)=0 for the phonon/Drude-form dielectric function ²(ω) of

Eq. (3.3). Different behaviors are seen for (a) a lightly-damped plasmon (γplasmon=10

cm−1) and (b)a highly-damped plasmon (γplasmon=500 cm
−1). Situation (a) is the

usual case encountered for n-type semiconductors; (b) applies to p-GaAs.
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[Fig. 5.5(a)], the coupled modes L− and L+ are well separated in frequencies; one

mode appears at a Raman shift below the TO phonon frequency ωTO and the other

appears above the LO phonon frequency ωLO. The further the frequency is from

ωTO and ωLO, the more plasmon-like character the vibrational mode has. This is the

normal situation in n-type semiconductors in which the two coupled modes have been

observed.80,95,98—100 The plasmon-like L+ mode, in n-type material at high doping, is

used as an alternative technique for monitoring the free-electron (conductionband

electron) concentration, since it is, in many aspects, hardly different from a free-

carrier plasmon.

An interesting situation occurs when the plasmon is severely damped. Figure 5.5(b)

demonstrates that, in this situation, a mode in the phononlike branch (shown by open

circles) vibrates at a frequency between ωTO and ωLO, which is forbidden for the usual

low-damping case. Plasmonlike modes (solid circles) are as damped as the free-carrier

vibrations. Large damping is a commonly-proposed reason for the non-occurance

of the plasmonlike L+ mode in Raman experiments reported for highly-doped p-

GaAs.19,16,96

The plasmon damping assumed in the illustrative example shown on the right side

of Fig. 5.5 (500 cm−1) is similar to the values that we have determined for our most

highly-doped GaAs:C films (Table 4.3). Calculated branches for the coupled modes in

GaAs:C are presented in Fig. 5.6. The plasma parameters ωplasmon and γplasmon (used

in the determination of ω±) increase with hole concentration (Table 4.3, Figs. 4.8 and

4.9) The damping constant of the plasmonlike mode ranges from 100 to 500 cm−1 as

the hole concentration ranges from 1017 to 1020 cm−3.

Extended Raman spectra of the most highly-doped sample are shown in Fig. 5.7.

In addition to the highly-damped character of the L+ mode, strong competing scat-

tering processes due to intervalenceband electronic transitions also obstruct the
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Figure 5.6: Calculated frequencies and broadenings of the coupled modes in GaAs:C,

using ²(ω)=0, Eq. 3.3, and ωplasmon and γplasmon values corresponding to Figs. 4.8 and

4.9.
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Figure 5.7: Extended Raman scattering spectra of the most highly-doped GaAs:C

film (obtained by M. L. Hsieh using the IC Renishaw system). The frequency of the

highly-damped L+ mode is labeled. It is determined from the infrared results using

the method described in the caption of Fig. 5.6. [For this high doping, ω(L+) is very

close to ωplasmon.] Intervalenceband electronic Raman scattering is responsible for the

broad bands spanning the region of 1000—4000 cm−1.
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detection of the plasmonlike coupled mode L+ in our Raman experiments. (Extended

Raman spectra at other dopings will be shown in Sec. 5.5.)

5.4 Raman scattering efficiency of the phononlike coupled

mode in GaAs:C

The dynamics of the coupled plasmon-LO-phonon modes responsible for electric sus-

ceptibility modulation include atomic displacements u, longitudinal electric field EL

(associated with u), and charge-density fluctuations.101,102 The first two mechanisms

are often referred to as the deformation potential (DP) and the electro-optic (E
L
)

mechanisms, respectively. The Raman tensor (∂χ/∂u)û and the electro-optic ten-

sor (∂χ/∂EL)ÊL for the phononlike coupled mode (L−) yield the same Raman se-

lection rules as those of the LO phonon (listed in Table 5.1). The selection rules

ICF ∝ |ei·m∗·es|2 due to the charge-density mechanism are determined by the effective
mass tensors.97 In an isotropic approximation, they are parallel-polarization allowed

and cross-polarization forbidden. Thus in Raman experiments, a back-scattering

configuration with polarizations oriented (y,y) or k is used for selective detection of
photons scattered via the charge-density fluctuation, since contributions from the

other mechanisms (DP and EL) are excluded by the selection rules for these po-

larizations. Polarization-dependent Raman scattering spectra of the phononlike L−

mode in our GaAs:C films are shown in Fig. 5.4, illustrating that the scattering ef-

ficiency of the charge-density mechanism is negligible in the allowed configuration

x(y,y)x̄ or k. Therefore, the main Raman-scattering mechanisms are concluded to
be the deformation potential and the electro-optic mechanisms. The selection rules

for deformation-potential and electro-optic mechanisms for the four back-scattering

configurations k, ⊥, k0, and ⊥0 are experimentally maintained in GaAs:C.
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To examine the Raman spectral shape of the phononlike mode at various dopings,

we use the detailed, carefully calibrated spectra of Fig. 5.2. For each spectrum, the

intensity contributions from the unscreened LO phonon were subtracted (as well as

the discernible TO-phonon contribution at low dopings), yielding a Raman intensity-

versus-frequency profile of the phononlike mode. The peak positions of these profiles

are plotted as the solid squares in Fig. 5.8. At low dopings, the error bars are substan-

tial due to the overlapping TO and LO contributions. The observed peak position

sweeps through the phonon region from ωLO to ωTO as the doping increases. At high

dopings, the observed L− line exhibits similar red shift as the unscreened LO phonon

in the depletion layer. For sample (13), the peak position of the L− mode is about

4 cm−1 below ωTO. This is consistent with the frequency shift of the unscreened

LO phonon. Similar red shifts of the L− mode were also reported for lightly-doped

GaAs:C,16 but no appreciable red shift of this mode is observed in highly-doped

GaAs:Zn.97

The spectral form 97

I ∝ (nω + 1)Im
½
²∞b24πχ0 + [²∞ + (1− b)24πχ0] 4πχ(q,ω)

²(q,ω)

¾
(5.1)

b = 1− CFHω2TO/(ω2LO − ω2TO) (5.2)

²(q,ω) = ²∞ + 4πχ0 + 4πχ(q,ω) (5.3)

gives a good description of the combined Raman-scattering efficiency of the defor-

mation potential and electro-optic mechanisms. Here nω is the room-temperature

Bose-Einstein statistics of the phononlike mode. CFH is the Faust-Henry coefficient

connecting the DP and EL mechanisms. (CFH = -0.48, a room-temperature value for

GaAs.103)

Several models of the dielectric function, from a simple phonon/Drude free-carrier

²(ω) to a complicated wavevector-dependent ²(q,ω), have been used in analyses of
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Figure 5.8: Peak positions of the phononlike coupled mode in GaAs:C. The squares

represent the experimental data. Calculated values shown by the curves were derived

by the three different theoretical approaches described in the text: (1) the Drude

model (q=0); (2) the Lindhard-Mermin (q-dependent) model; (3) the Lindhard-

Mermin model including the intervalenceband contribution.
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the plasmon-LO-phonon modes investigated by Raman experiments. ²(ω) is appli-

cable when spatial dispersion (dependence on the scattering wavevector) of the vi-

brational mode of interest is small. This condition is, in a back scattering geom-

etry, assured by the use of a sufficiently-long-wavelength excitation. Our excita-

tion wavelength is 488 nm corresponding to |q| = 1.13 × 106 cm−1 (determined by
q = 4πnL/λL). Although it is only about 1% of the Brillouin-zone radius, many stud-

ies 95,104,105 show experimentally and theoretically that the spatial dispersions of the

coupled modes L±(q) are appreciable for a scattering wavevector in the 105—106 cm−1

regime. In previously-reported works,19,96,106—108 the descriptions of the dielectric

function with and without intervalenceband contribution have been applied for the

observable phononlike coupled mode in p-type GaAs. For purposes of completeness

and comparison, we investigate the three following susceptibility for hole contribution,

4πχ in Eq. (5.4).

(1) q=0 hole-plasmon susceptibility (Drude form)

4πχ(ω) = − ²∞ωplasmon
ω2 + iωγplasmon

. (5.4)

Using the hole-plasmon properties for GaAs:C determined by our infrared study

(ωplasmon of Fig. 4.8 and γplasmon corresponding to µIR of Fig. 4.9), the phonon prop-

erties (ωTO,ωLO,Γ of Table 2.1), and the Raman spectral form Eq. (5.1), we then

obtained a Raman profile of the phononlike coupled mode. (The q=0 frequency and

damping of this phononlike coupled mode have been shown in Fig. 5.6) The peak

position as a function of doping is shown as the dashed curve in Fig. 5.8.

(2) q-dependent hole-plasmon susceptibility

4πχ(q,ω) = 4π(χ11 + χ22). (5.5)

Here χ11 and χ22 are now the wavevector-dependent susceptibilities of the heavy and
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light holes, respectively. The Lindhard-Mermin expression 97 gives

χmn =
(ω + iγmn)χ

0
mn(q,ω + iγmn)

ω + iγmnχ
0
mn(q,ω + iγmn)/χ

0
mn(q, 0)

(5.6)

χ0mn(q,ω) =
2πe2

q2

Z
d3k

fm,k+q/2 − fn,k+q/2
~ω − (Em,k+q/2 − En,k−q/2)Gmn. (5.7)

The subscript mn denotes a hole being removed from valence band m and added to

valence band n. Thus 11 and 22 denote the heavy-hole and the light-hole intraband

components, respectively. The quantities f and E are the Fermi function and energy

of the hole state. The vectors q and k are the scattering wavevector and hole wave-

vector. The intraband density-matrix elements G11 and G22 are approximated by

(1+3cos2θ)/4, where θ is the angle between the vectors k+(q/2) and k−(q/2).97

The hole-plasmon and phonon parameters are chosen as follows. Based on two-band

transport theory (Sec. 1.4), the heavy- and light-hole damping constants γ11 and

γ22 [required in Eq. (5.7)] are determined in accordance with both Hall and infrared

results, i.e. with an optimized Hall factor rHall = 1.1. It follows from Eqs. (1.29) and

(1.31) that, with density-of-state effective masses mhh = 0.50m and mlh = 0.088m

and rHall = 1.1, the mobility ratio β is 0.42 and the effective-mass ratio α is 13.54.

This yields µhh=0.83µHall and µlh=1.97µHall. Thus the heavy-hole damping constant

γ11 (i.e., γhh) is obtained directly from µhh, similarly for γ22 (i.e., γlh). The phonon

properties (ωTO,ωLO,Γ) are fixed at the values listed in Table 2.1.

We used simple parabolic bands for Ehh,k and Elh,k with the hole effective masses

stated above. The coordinate axis kz of the integration of Eq. (5.7) is set parallel

to the direction of q. The peak position of the Raman profile calculated with this

prescription is presented, as a function of hole concentration, by the dash-dot curve

in Fig. 5.8.



Chapter 5. Raman scattering and photoluminescence 145

(3) q-dependent hole-plasmon and intervalenceband susceptibilities

4πχ(q,ω) = 4π(χ11 + χ22 + χ12 + χ21). (5.8)

Now we include the most dominant intervalenceband (IVB) contributions from tran-

sitions between the heavy- and light-hole bands, and introduce the last two terms

in Eq. (5.8). The IVB components χ12 and χ21 take similar Lindhard-Mermin forms

as above [Eqs. (5.6) and (5.7)], but with subscripts mn=12 and 21 and interband

density-matrix elements G12=G21 ≈ sin2θ/4.97 The damping parameters γ12 and γ21

are assumed to be equal and given by 2γ, where γ = 1.1γHall. (1.1 is the Hall factor.)

This assumption is based on γIVB∼2γplasmon we have determined for the intervalence-
band infrared absorption (Table 4.3). The doping-induced redshift of the TO and LO

phonon frequencies is also phenomenologically included in the phonon susceptibility

4πχ0. This is done by varying the phonon parameters ωTO, ωLO, and Γ along with

pHall using the solid lines of Fig. 5.3. The peak positions of the resulting Raman

profiles are presented by the solid curves in Fig. 5.8.

Figure 5.8 shows that the last calculation method [the solid line labelled by (3)]

gives the best agreement with our experimental data for the phononlike plasmon-

phonon coupled mode. Comparison of curves (1) and (2) suggests that spatial disper-

sion (q-dependence) is important for this mode in GaAs:C. The effect of intervalence-

band lh→hh transitions on the position of this Raman band is seen to be important
at intermediate dopings. Our calculated results agree well with those reported by

Irmer et al.97 and Wan et al.,106 which show a similar influence of intervalenceband

processes on Raman scattering by the phononlike coupled mode in p-GaAs. The cal-

culated Raman intensity profiles (which include the broadening effect of the 3.2 cm−1

spectrometer spectral slit width), shown earlier by the dashed lines in Fig. 5.2, fit

fairly well to the observed phononlike L− lines. They were the outcomes of the last
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method, corresponding to the solid line of Fig. 5.8.

The Lindhard-Mermin dielectric function ²(q,ω), including hole intraband and

intervalenceband contributions, well represents the response of crystal excitations

(holes and phonons) in the highly-doped GaAs:C films investigated in our Raman

experiments. The red shift of the LO phonon evidently transfers into the phononlike

L− mode. This is seen by a comparison, at high dopings, of curves (2) and (3) of

Fig. 5.8. All parameters required in the calculations are Hall- and infrared-determined

values. No adjustable parameters were introduced to obtain good agreement with

experiment, except for an intensity normalizing factor which has no effect on the

calculated Raman lineshapes.

This Raman study supports the hole properties determined in chapter four from

the Hall and infrared studies. We note that the Hall factor (rHall=1.1) adopted in

these calculations is quite consistent with the earlier conclusion that rHall is close to

unity at high doping.

5.5 The depletion layer in GaAs:C

Several reported Raman studies have confirmed the presence of near-surface free-

carrier depletion layers in n-GaAs (Ref. 95) and p-GaAs.19,16,96 The depletion layer in

the crystal is caused by filled surface states pinning the Fermi level. In p-GaAs, the

energy band edge shifts downward from the bulk to the air-exposed surface. Holes

are depleted in the band-bending region (the depletion layer) leaving this region

negatively charged by ionized acceptors.

With a proper choice of excitation wavelength, Raman experiments can monitor

the depth of the depletion layer by a comparison of the Raman signals of the LO

phonon in the carrier-free depletion layer and the L− plasmon-phonon mode in the
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carrier-filled bulk.

An expression for the relative strengths of the LO and L− Raman lines is easily

derived. Considering the attenuation of scattered light originating in the crystal, the

observed intensity is given by Iobserved = I × R e−2z/dLdz, where dL is the penetration
depth. For the LO phonon in a depletion layer of thickness dp, the integration is

carried out from 0 to dp. For the bulk L− mode, it is carried out from dp to ∞ (the

upper limit ∞ is chosen to simplify the analytic expression). The LO/L− intensity

ratio is then

IobservedLO

IobservedL−
=
ILO
IL−

(e2dp/dL − 1) (5.9)

For our GaAs:C films, we approximated IobservedLO and IobservedL− by their intensity

contributions to the experimental Raman profiles shown in Fig. 5.2. The intensity of

the LO line was integrated over its frequency range to yield the IobservedLO value. The

IobservedL− value was similarly determined. The solid dots in Fig. 5.9 show the intensity

ratios IobservedLO /IobservedL− of the GaAs:C films. It is seen that the strength of the LO

line, relative to the L− line, decreases by approximately one order of magnitude as

the hole concentration increases by one-and-a-half order of magnitude. The nearly-

constant ratio ILO/IL−, contained in Eq. (5.9) , is also shown in the figure by the open

circles. ILO and IL− were calculated using the Raman lineshape function of Eq. (5.1).

Hole susceptibility was set to zero in the calculation for the LO phonon.

Using these two ratios (the solid and open circles of Fig. 5.9), we then estimate,

from Eq. (5.9), the depletion depths for the GaAs:C films. These are plotted in

Fig. 5.10. For the highest doping, it is only 2 nm, 0.4% of the film thickness. The

observed dependence of dp on hole concentration shown here for GaAs:C is close to

the dashed line Fig. 5.10 which represents the Schottky model. In that model,27
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Figure 5.9: Relative strengths of the LO and L− Raman lines in GaAs:C. The solid

dots are the measured ratios of the integrated intensities. The open circles are cal-

culated values of ILO/IL− , where ILO is the intensity of the LO line for intrinsic bulk

GaAs and IL− is the intensity of the L− mode for p-type GaAs:C in the absence of

a depletion layer. The presence of the depletion layer in the actual samples, and

the doping dependence of its thickness, is responsible for the observed intensity-ratio

dropoff.
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Figure 5.10: Depths of the depletion layers in the GaAs:C films. The solid squares

were deduced from IobservedLO /IobservedL− (the solid circles in Fig. 5.9). The dashed line

corresponds to the depletion depths based on the Schottky model with a band bending

eφ0=0.5 eV.
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dp ∝
p

φ0/p, where φ0 is the band bending (0.5 eV for GaAs
109,110).

We note that for sample (1) with the lowest doping (1.4×1017 cm−3), the depletion
depth is close to the penetration depth (80 nm). The strong peak near 292 cm−1 which

dominates the Raman spectrum of this sample, arises mainly from the LO phonons

in the depletion layer.

5.6 Intervalenceband electronic Raman scattering and pho-

toluminescence of GaAs:C

In section 5.4 we have shown that, in p-type GaAs, intervalenceband electronic tran-

sitions from the light-hole to the heavy-hole band (or, viewed differently, hole transi-

tions from the heavy-hole to the light-hole band) can interfere with, via the dielectric

response function, the low-frequency Raman scattering by the phononlike coupled

mode. In addition to the IVB lh→hh electronic transitions, Raman scattering by the
IVB transitions from the split-off valence band can also be observed in our Raman

experiments.

Figure 5.11 shows the emission spectrum of our most highly-doped GaAs:C film,

excited by a laser line at 2.54 eV. The strongest peak at about the bandgap energy E0

(1.42 eV) is attributed to photoluminescence (PL) corresponding to conductionband-

to-valenceband direct transitions across the fundamental gap. Photoexcited electrons

in the conduction band recombine with holes at the top of the valence band and

photons of energy E0 are emitted in the electron-hole recombination process. The

split-off valence band also participates, in a higher-energy photoluminescence process.

This is the explanation of the above-bandgap peak seen near 1.7 eV. The distance

between these two PL peaks is approximately the k=0 spin-orbit splitting ∆0=0.34

eV (denoted earlier as ∆so in our infrared study).
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Figure 5.11: The emitted-photon spectrum of the most highly-doped GaAs:C film,

obtained with the IC Renishaw system using laser excitation at 2.54 eV (λL=488

nm). Four structural features of the spectrum are labelled by the optical processes

we assign to them. From left to right, they are: Raman scattering by the L− mode,

electronic Raman scattering by intervalenceband transitions from the split-off valence

band to the heavy-hole and light-hole bands, conduction band to split-off valence band

photoluminescence, and fundamental bandgap photoluminescence.
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The emission observed at lower Raman shift (higher photon energy) is composed

of a phonon Raman line corresponding to the L− phononlike coupled mode (first-

order Raman scattering process) and an electronic Raman-scattering continuum aris-

ing from intervalenceband transitions among the heavy-hole, light-hole, and split-off

bands (second-order Raman scattering processes). Because of the valence-band de-

generacy at the zone center k=0 (illustrated in the insert in Fig. 5.11), the scattering

frequency of the lh→hh transitions extends to zero. The corresponding scattered-
photon contribution (hardly seen in this figure) at the L− peak position is as large as

that of the L− mode. A stronger IVB contribution is seen as a broad peak centered at

a scattered-photon energy hν
S
of about 2.23 eV. This photon energy corresponds to

a scattering energy (hν
L
− hν

S
) of 0.31 eV, which is close to ∆0 (0.34 eV). Thus, we

attribute this broad peak to intervalenceband transitions from the split-off valence

band to the hh and lh bands. A clearer view of this band is shown in the upper

portion of Fig. 5.7.

For sample (11) with pHall = 1.1 × 1020 cm−3, we examined the IVB Raman

scattering as a function of excitation photon energy, using five emission lines of an

Ar+ laser and two of a Kr+ laser. The results are shown in Figs. 5.12 and 5.13.

Fig. 5.12 shows emission spectra obtained with incident-photon energies of 1.92

eV (λL=647 nm), 2.54 eV (488 nm), and 2.71 eV (459 nm). An (E0+∆0)-photo-

luminescence shoulder is seen, riding on the side of the strong (E0)-photoluminescence

peak that goes off scale on the right side of each spectrum. Marked by a short

vertical line at the peak position, IVB Raman scattering from the split-off valence

band can be seen only with high-energy excitation. With laser excitation at low

photon energy, such as the two red lines of the Kr+ laser, it is masked by the much

stronger photoluminescence bands.

Figure 5.13 compiles the peak positions (Raman shifts in eV) of all of the observed
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Figure 5.12: Intervalenceband Raman scattering and photoluminescence spectra of

sample (11), with pHall = 1.1× 1020 cm−3, obtained with the VT Spex spectrometer
using various incident-photon energies. Laser wavelengths 647, 488, and 459 nm

correspond, respectively, to photon energies 1.92, 2.54, and 2.70 eV. A short vertical

line locates the peak corresponding to IVB Raman scattering from the split-off valence

band. Photoluminescence at E0+∆0, from the conduction band to the split-off band,

is indicated by an arrow. With the 647 nm red line, both the IVB Raman band and

the L− Raman line are hidden by the E0 +∆0 photoluminescence.
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Figure 5.13: Peak positions of the L− line, the IVB Raman band, and theE0+∆0, pho-

toluminescence peak, observed with seven laser-line incident-photon energies. With

the two red lines of the Kr+ laser, the IVB band and the L− line are masked by the

luminescence, which overlaps them in these cases.
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spectral features of Fig. 5.12, plotted as a function of the incident-photon energy hν
L
.

In addition to the three hν
L
values of Fig. 5.12, results obtained with four other laser

lines are included in Fig. 5.13. Photoluminescence reveals itself as an equal change

in “Raman shift” with excitation energy. This behavior is clearly evident for the

PL(E0+∆0) peak position (the solid dots in Fig. 5.13), confirming the identification

of the 1.7 eV peak as a photoluminescence peak. On the other hand, the scattering

energy (hν
L
−hν

S
) of the L− line does not change with hνL; this, of course, is the

proper behavior for a Raman process. The dependence of the IVB scattering energy

on excitation energy is interesting; it is intermediate. The small shift of the IVB

peak may relate to resonance effects involving real photon absorption associated with

valenceband-to-conductionband transitions as suggested by Olego et al.21 [A real in-

termediate state (as opposed to a virtual one) is, however, not a strict requirement of

Raman scattering to bring about a net transition from an initial to a final state.27)

Finally, in Fig. 5.14, we show the doping dependence of the IVB peak. Early

in this research, this broad Raman band was though to be the L+ hole-plasmon

band. But it did not appreciably shift with increasing hole concentration, and this

provided the initial clue pointing to intervalenceband Raman processes. Because of

the IVB Raman band and the large damping of the hole plasmon, the L+ mode is

inaccessible to Raman experiments in p-type GaAs. Instead, the plasmon properties

were extracted from the infrared studies of chapters three and four.
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Figure 5.14: The intervalenceband Raman-scattering continuum in GaAs:C, at vari-

ous dopings. The spectra were obtained with λL=488 nm (hν
L
=2.54 eV), using the

VT spex spectrometer. The sharp peak at low Raman shift is the L− line. Since the

position of the IVB band is tied to the spin-orbit splitting ∆0, the peak position is

insensitive to hole concentration.



Chapter 6

Summary and future studies

6.1 Summary

Carbon-doped p-type GaAs films were grown by molecular beam epitaxy, with growth-

rate-determined thicknesses of 350—750 nm for the carbon-doped MBE layer and Hall-

derived hole concentrations pHall up to 1.4×1020 cm−3. SIMS and LVM measurements

show that pHall is close to the carbon concentration [C], in agreement with previous

work and consistent with the use of pHall as a good measure of the actual hole concen-

tration p. Thus the Hall factor rHall, which enters in Eqs. (3.6) and (3.7), is close to

unity, so that the Hall mobility µHall (results shown as the solid squares in Fig. 3.10)

also provides a good estimate of the dc mobility.

Infrared reflectivity and transmittance measurements were carried out on the

GaAs:C films over the spectral range from 200 to 5000 cm−1. With increasing dop-

ing, the low-frequency reflectivity increases while a reflectivity minimum develops at

high frequency which becomes more pronounced and shifts to higher frequency as p

increases. For the transmittance spectra, the effect of the free holes shows up as a

broad dip in the high-frequency region. Absorptance spectra correspondingly exhibit

broad absorption bands in the same region.

An effective-plasmon dielectric function with only two free parameters (plasma

frequency ωp and plasma damping γp), used as input to an intensity transfer-matrix

157
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optical calculation appropriate to our film-on-substrate geometry, gives a good de-

scription of the reflectivity spectra of Fig. 3.7. The same effective-plasmon dielectric

functions also give a good account of the observed absorptance spectra (Fig. 3.11).

However, the comparisons contained in Figs. 3.12 and 3.14 reveal that, in addi-

tion to free-carrier (hole) absorption, intervalenceband direct transitions contribute

significantly to the observed infrared absorption. This is indicated by a re-scaling

(via p-Ge high-p data of Fig. 3.13) of Braunstein’s low-p GaAs:Zn spectra and by

a k · p calculation extending Kane’s theory of intervalenceband transitions to our
high dopings. The comparisons show that the effective-plasmon model simulates (or

incorporates, or mimics) the contribution of the main (lh→hh) intervalenceband ab-
sorption band by means of a large γp. Within the context of the effective-plasmon

model, this large γp translates into a small optical mobility µIR. This optical mobility

is about half the dc mobility (Figs. 3.9 and 3.10). For the five highest dopings, our

samples are well within the degenerate regime, and for this situation the statistical

approximations involved in the use of the Drude-model infrared analysis are justified.

A similar statement applies to the dc mobility, since the Hall factor is close to unity in

the ionized-impurity-dominated high-doping regime. Thus the observed dichotomy

between the dc and infrared mobilities does not arise from subtleties of statistical

averaging. The explanation of the small infrared mobility resides in the influence of

intervalenceband absorption on the effective-plasmon fit used to operationally define

µIR. For n-GaAs, which lacks this additional infrared absorption process, the dc and

IR mobilities do not differ.

Using direct numerical-solution techniques for the reflectivity and transmittance

of a multilayer structure, we have experimentally determined the infrared optical

properties of the highly-doped GaAs:C samples with pHall above 10
19 cm−3. The

mid-infrared refractive index at these high dopings varies from 2.0 to 3.3. Extinction
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coefficient generally decreases with increasing infrared frequency (Fig. 4.2). Experi-

mental absorption-coefficient spectra reveal (Figs. 4.3 and 4.5) two broad absorption

bands in the region in which the effective-plasmon model shows only one very broad

band. The experimental absorption-coefficient spectra were analyzed by means of a

combination of intervalenceband and plasmon processes, in which the IVB calcula-

tions were carried out using reported GaAs valenceband parameters and Kane’s k · p
method. The ωplasmon and γplasmon values obtained for the separated-out plasmon

contribution, when compared to our Hall results for the hole mobility and carrier

concentration (Figs. 4.8 and 4.9), show that the Hall factor for highly doped p-GaAs

is close to 1.0, consistent with earlier findings. The infrared mobility µIR correspond-

ing to the actual-plasmon γplasmon, (unlike the IVB-entangled effective-plasmon µIR)

is found to be close to the dc mobility µHall; there is no significant µIR/µHall dis-

crepancy. As byproducts of this study, the (R, T ) numerical solutions are found to

accurately determine the film thickness, and support is provided for one particular

set of reported GaAs valenceband parameters (Ekardt et al., Ref. 37).

Raman scattering measurements were carried out on the GaAs:C films. Only

one plasmon-LO-phonon coupled mode, the low-frequency phononlike L− mode, is

observed (Figs. 5.2 and 5.4). Also seen in the Raman spectrum is the unscreened,

redshifted LO phonon present in the near-surface depletion layer. The depletion-

layer thickness is estimated to be less than 10 nm for p> 1018 cm−3 (Fig. 5.10). The

main mechanisms for the coupled-mode scattering are the deformation-potential and

electro-optic mechanisms, and the observed polarization dependence of the Raman

spectra agree with the Raman selection rules for these processes. The wavevector-

dependent Lindhard-Mermin dielectric function (including intraband and interva-

lenceband contributions), with hole parameters based on our Hall and infrared re-

sults, gives a good description of the coupled-mode Raman spectra (Fig. 5.8). Above
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the phonon frequency regime, an electronic Raman-scattering continuum was ob-

served. A broad band centered at a Raman shift of about 0.3 eV (Figs. 5.7 and

5.11) was attributed to intervalenceband transitions from the split-off valence band

to the heavy-hole and light-hole bands. The split-off band also participates in photo-

luminescence processes in GaAs:C. A photoluminescence peak is observed at 1.7 eV

(Fig. 5.11). This is close to E0+∆0, where E0 is the bandgap and ∆0≈0.3 eV is the
depth (at k=0) of the split-off band relative to the hh and lh bands.

6.2 Future studies

Raman scattering by intervalenceband transitions in p-type GaAs has received rela-

tively little attention. The complication of electronic transitions involving intermedi-

ate states (virtual or real ones) makes it difficult to interpret experimental results and

to formulate lineshape functions for these IVB electronic Raman-scattering processes.

To our knowledge, the only other experimental study of intervalenceband electronic

Raman scattering in highly-doped p-GaAs is that by Olego et al.21 on GaAs:Zn. At

dopings in the 1019 cm−3 regime, two broad Raman-scattering peaks are observed at

about 0.05 and 0.27 eV. These IVB structures move to higher scattering energy with

increasing incident photon energies, but to lower scattering energy with increasing

dopings. These excitation-energy and doping dependences of the observed peak posi-

tions of the IVB structures led these authors to an interpretation in terms of interva-

lenceband transitions that involve real intermediate states in the conduction band.21

The lower-frequency structure was consequently assigned to the intraband hh→hh
scattering while the higher-frequency structure was assigned to the interband hh→lh
scattering. However, there are problems with this interpretation. Intervalenceband

electronic Raman scattering in highly-doped p-GaAs deserves further study. The par-
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ticipation of the split-off band in the above-bandgap photoluminescence of GaAs:C

is also incompletely understood.
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21 D. Olego, M. Cardona, and U. Rössler, Phys. Rev. B 22, 1905 (1980).

22 R. T. Holm, J. W. Gibson, and E. D. Palik, J. Appl. Phys. 48, 212 (1977).

23 S. Perkowitz and J. Breecher, Infrared Phys. 13, 321 (1973).

24 H. R. Chandrasekhar and A. K. Ramdas, Phys. Rev. B 21, 1511 (1980).



REFERENCES 164

25 F. Bassani, in Semiconductors and Semimetals, Edited by R. K. Willardson and

A. C. Beer (Academic Press, New York, 1966), Vol. 1, p. 21; E. O. Kane, ibid

p. 75.

26 M. L. Cohen and J. R. Chelikowsky, in Handbook on Semiconductors, Edited by

W. Paul (North-Holland Publishing, New York, 1982), Vol. 1, p. 219; E. O. Kane,

ibid p. 193.

27 P. Y. Yu and M. Cardona, Fundamentals of Semiconductors (Springer-Verlag,

Berlin, 1996).

28 G. Dresselhaus, A. F. Kip, and C. Kittel, Phys. Rev. 98, 368 (1955).

29 E. O. Kane, J. Phys. Chem. Solids 1, 82 (1956).

30 G. Dresselhaus, Phys. Rev. 100, 580 (1955); R. H. Parmenter, ibid. 100, 573

(1955).

31 M. Cardona, N. E. Christensen, and G. Fasol, Phys. Rev. B 38, 1806 (1988).

32 L. Childs, A Concrete Introduction to Higher Algebra (Springer-Verlag, New York,

1979), p. 136.

33 J. M. Luttinger, Phys. Rev. B 102, 1030 (1956).

34 M. S. Skolnick, A. K. Jain, R. A. Stradling, J. Leotin, J. C. Ousset and S. Askenazy,

J. Phys. C 9, 2809 (1976).

35 P. Pfeffer and W. Zawadzki, Phys. Rev. B 53, 12813 (1996).

36 Q. H. F. Vrehen, J. Phys. Chem. Solids 29, 129 (1968).

37 W. Ekardt, K. Losch, and D. Bimberg, Phys. Rev. B 20, 3303 (1979).



REFERENCES 165

38 M. Said and M. A. Kanehisa, Phys. Status Solidi B 157, 311 (1990).
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