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optical properties of ion-implanted GaAs: The observation
of finite-size effects in GaAs microcrystals
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We have carried out reflectivity measurements, for photon energies from 2.0 to 5.6 eV in the elec-
tronic interband regime, for a series of unannealed ion-implanted GaAs samples which had been ex-
posed to 45-keV Be+ ions at various Auences up to 5X10' ions/cm . The microstructure of the
near-surface implantation-induced damage layer in these samples is known (from previous Raman
work) to consist of a fine-grain mixture of amorphous GaAs and GaAs microcrystals, with the
characteristic microcrystal size L of the microcrystalline component decreasing with increasing
fluence (L =55 A at 5X10' cm ). The optical dielectric function of each sample's damage layer
has been derived from the observed reAectivity spectrum by Lorentz-oscillator analysis. Then, by
inverting the effective-medium approximation, we have extracted the dielectric function of the mi-

crocrystalline component (p-GaAs) within the damage layer. The optical properties of p-GaAs
differ appreciably from those of the bulk crystal, the difference increasing with decreasing L. We
find that the microcrystallinity-induced spectral changes are concentrated in the linewidths of the
prominent interband features E&, E, +A„and E2. These linewidths increase linearly and rapidly
with inverse microcrystal size: I „=I 0+ AL, where I o is the linewidth in the bulk crystal, I „is
the linewidth in p-GaAs, and A is a constant. For the E& and E2 peaks, the experimentally deter-

o

mined value of A is such that the finite-size broadening (AL ) is about 0.2 eV when L =100 A.
We propose a simple theory of the finite-size effects which, when combined with band-structure in-

formation for GaAs, semiquantitatively accounts for our observations. Small microcrystal size im-

plies a short time for an excited carrier to reach, and be scattered by, the microcrystal boundary,
thus limiting the excited-state lifetime and broadening the excited-state energy. An alternative
uncertainty-principle argument is also given in terms of the confinement-induced k-space broaden-
ing of electron states.

I. INTRODUCTION

Ion-processed semiconductors are of both technologi-
cal importance and scientific interest. Structural damage
is inevitable in processes such as ion implantation' and
ion etching. ' Near-surface damage in semiconductors
produced by light-ion species, such as B+ and Be+, has
been studied with various experimental techniques such
as ellipsometry, ' Raman scattering, ' and transmission
electron microscopy. Unlike heavy-ion implantation,
light-ion implantation at room temperature with
moderate energy and fluence (or dose) does not produce a
layer made completely amorphous.

In a recent investigation of the near-surface damage
layer in unannealed Be -implanted GaAs, Holtz et al.
have used a combination of Raman scattering and chemi-
cal etch to obtain microstructural information for sam-
ples exposed to various Auences. The damage layer was
shown to consist of amorphous GaAs (a-GaAs) and
GaAs microcrystals (p-GaAs), and they derived (for each
implant) the microcrystalline volume fraction, the
characteristic microcrystal size, and the depth profile. In
the present paper we report the results of a visible and ul-
traviolet investigation of the electronic interband spectra
for these same Raman-characterized Be+-implanted
GaAs samples. One purpose of these experiments is to

0
determine the effect of microcrystal size in the 100-A
range on the optical properties and electronic excitations
of microcrystalline GaAs. Microcrystalline Si has recent-
ly been extensively investigated, " but little is known
about microcrystalline GaAs. The microstructural infor-
mation available for the Be+-implanted material provides
us with an opportunity to correlate our results on p-
GaAs with microcrystal size, and to make quantitative
statements about finite-size effects in p-GaAs.

Polycrystalline semiconductors with crystallite sizes in
the range below 500 A (say 50—500 A, or 5 —50 nm) are
usually termed microcrystalline, ' although nanocrystal-
line is also sometimes used. " Throughout this paper we
use the term microcrystalline GaAs (symbolized here by
p-GaAs) to denote the crystalline component in our im-
planted GaAs samples, which we know (from the Raman
work ) to be characterized by microcrystal sizes in this
range.

We present results of visible-ultraviolet reAectivity
measurements which probe the nature of electronic exci-
tations within the damage layer of Be+—+ GaAs. The ex-
perimental methods and observed reAectivity spectra are
described in Sec. II. In Sec. III the optical dielectric
function of the damage layer of each implanted material
is derived by means of Lorentz-oscillator analysis. The
optical properties of p-GaAs, the microcrystalline com-
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FINITE-SIZE EFFECTS IN MICROCRYSTALLINE GaAs 1065

ponent, is extracted in Sec. IV with the use of the
effective-medium approximation (EMA). Section V
presents our main findings on finite-size electronic effects
in p-GaAs. The micr ocrystallinity-induced spectral
changes are concentrated in the linewidths of the three
sharp interband peaks; these linewidths increase linearly
and rapidly with increasing inverse microcrystal size. A
simple theory, discussed in Sec. VI, semiquantitatively
accounts for our observations. Small microcrystal size
implies a short time for an excited carrier to reach, and
to be scattered by, the microcrystal boundary, thus limit-
ing the excited-state lifetime and broadening the excited-
state energy. An alternative uncertainty-principle argu-
ment can be given in terms of confinement-induced @-

space broadening of electron states. A summary of the
paper is given in Sec. VII.

II. EXPERIMENT

gion covered. All measurements were carried out at
room temperature.

Figure 1 displays our results for the reflectivity spectra
R (E) of four beryllium-implanted GaAs samples. Panels
(a), (b), (c), and (d) show the spectra observed after im-
plantation (45-keV Be+ ions) with Auences of 1X10',
5 X 10', 1X 10', and 5X 10' ions/cm, respectively. In
addition to the experimental data on the ion-implanted
samples, indicated by the points, each panel also contains
two curves which correspond to the spectra of crystalline
GaAs (labeled c) and of amorphous GaAs (labeled a).
These two curves are repeated in each panel in order to
provide visual benchmarks for the evolution of the GaAs
spectrum with increasing implantation dose. The amor-
phous spectrum shown corresponds to implantation-
amorphized GaAs produced by high-fluence high-energy
As+ bombardment. '"' A systematic spectral change is
clear in Fig. 1; the higher the ion fluence, the more severe
the deviation from the spectrum of the bulk crystal.

The c-GaAs starting material was Czochralski-grown,
chromium-doped, semi-insulating, single-crystal GaAs.
(100)-oriented wafers were cut, polished, then etched in
8:1:1H2SO4. 30 mol% H202. H20 prior to implanting at
room temperature. Implantation was carried out at the
Texas Instruments Central Research Laboratory, using
45-keV Be+ ions incident at 9' from the normal to avoid
channeling. Ion fluences ranged from 1 X 10' to 5 X 10'
ions/cm . No anneal was done following implantation.
The samples were of excellent optical quality; no
implantation-induced surface roughness was discernible
with laser-beam scattering.

Reflectivity measurements in the visible and near-
ultraviolet region (photon energy E in the range 2 —5.6
eV) were performed with a modified Perkin-Elmer
prism-grating spectrometer, using chopped radiation and
lock-in detection. The spectrometer was controlled with
a NEC APCIII personal computer, which also performed
data acquisition from the lock-in amplifier. Reflectivity
was calibrated using the reflectivity of c-GaAs derived
from ellipsometry measurements' as a reference stan-
dard. Our samples were exposed to air, and the thin ox-
ide layer present on air-exposed GaAs is known to modi-
fy the observed reflectivity. ' ' In order to correct for
this effect (a reflectivity reduction occurring mainly at
photon energies above 4.5 eV), we used, as the reference
standard for our c-GaAs sample, the reflectivity spectrum
of oxide-free c-GaAs reported by Aspnes and Studna. '

This provided a spectral correction for use with the
aluminum mirror against which all our samples were
compared. The same correction (which has the effect of
"optically removing" the oxide layer for our c-GaAs sam-
ple) was then applied to our measurements on the ion-
implanted samples. For these, the correction is expected
to be only approximate. We estimate the error in
reAectivity to be at worst 3%%uo for photon energies above 5
eV, and less at lower photon energies (reflectivity repro-
ducibility was within l%%uo). Our results of Sec. V may be
slightly affected by this, but the effect on the lower energy
E ] and E

&
+6

&
peaks should be negligible. Photon ener-

gy was known within 0.01 eV throughout the spectral re-

III. THE DIELECTRIC FUNCTION
OF THE IMPLANTED MATERIAL

In order to derive the complex dielectric function and
the other optical properties from each measured
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FIG. 1. ReAectivity spectra, shown as points, of 45-keV
Be+-implanted GaAs with ion fluence (a} 1X10', (b) 5X 10',
(c) 1X10', and (d) 5X10' ions/cm . The two curves included
for comparison, and repeated in each panel, are the reAectivity
spectra of c-GaAs and a-GaAs. R is plotted against the photon
energy E =Acu, ~ being the angular frequency.
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reAectivity spectrum, a Lorentz-oscillator expres-
sion" ' was used for the dielectric function:

l(a)
25—

(b)

l 5'

Here, e(co) is the dielectric function at frequency co, n is
the number of oscillators, F, , co, , and I, are the strength,
position, and linewidth parameters of the ith oscillator,
and e is one additional parameter corresponding to the
high-frequency asymptote. ReAectivity can be deter-
mined directly from the real (e, ) and imaginary (e2) parts
of e: e=eI+ie2. In this way a calcula'ted reAectivity
spectrum R (co) can be generated from the set of 3n +1
parameters, F;, co;, I;, and e . The calculated
reAectivity spectrum is then compared with the experi-
mental one. A computer program was developed, based
on nonlinear least-squares fitting, ' to obtain the parame-
ter set that gives the best fit of the calculated to the ex-
perimental reAectivity spectrum.

An error criterion 6, corresponding to a normalized
average square deviation, was defined as

-l5
(c)

l5'

—l5
2

PHOTON ENERGY (eV)

where X is the number of data points, and f is the data
function, which can be the reAectivity, the dielectric
function, or other functions.

We found that seven oscillators were needed to ade-
quately fit the reAectivity spectrum of each sample.
Seven oscillators were also used in the ellipsometry stud-
ies of Erman et al. ' The fitting technique was checked
by applying it to c-GaAs, for which the reAectivity, the
dielectric function, and the other related optical proper-
ties are rather accurately known from ellipsometry mea-
surements. ' Oscillator fitting was carried out on the
ellipsometry-derived reAectivity function R (E). The er-
ror criterion 6 [Eq. (2), with f =R] was less than 10
Also, the dielectric function e(co) corresponding [via Eq.
(1)] to the fitted set of oscillator parameters was com-
pared with the e(co) values measured ellipsometrically. '

The corresponding error 5 [Eq. (2), with f =e] was about
10 . In addition, a different fit was also performed in
which the ellipsometry-derived dielectric function, rather
than the reAectivitp, was the fitted quantity. This yielded
a 6 of about 10 . All of these tests show that the fitting
procedure is satisfactory. We did find that the error is
not uniformly distributed; deviations tend to be larger in
regions in which either e& or e2 is small. In these regions,
ellipsometry measurements also involve a large uncertain-

12

The dielectric functions of the implanted samples and
of c-GaAs were thus obtained by oscillator fits of the
measured reAectivity, using seven oscillators for each
sample. In all of the fits the value of the error criterion 6
(f =R) was less than 10 . The real part, ei(E), and the
imaginary part, e2(E), of the dielectric functions of the
implanted samples are plotted in Figs. 2 and 3, respec-

FIG. 2. Real part of the dielectric function of 45-keV Be+-
implanted GaAs with ion Auence (a) 1X10", (b) 5X10", (c)
1X 10', and (d) 5X10' ions/cm . The dielectric functions are
obtained from the reAectivity spectra of Fig. 1 using Lorentz-
oscillator analysis, as described in the text. The c-GaAs and a-
GaAs counterparts are included for comparison.
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FIG. 3. Imaginary part of the dielectric functions of the im-

planted samples, along with the c-GaAs and a-GaAs counter-
parts.
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tively, along with their crystal and amorphous counter-
parts. Again, the a-GaAs spectra are from the work of
Aspnes on implantation-amorphized GaAs. ' The dielec-
tric function is seen to be sensitive to the damage pro-
duced by ion implantation. The sharp spectral features
are smeared out as ion Auence increases. These spectral
changes are due to two quite distinct effects: the increas-
ing presence of the amorphous phase and the finite-size
effects on the optical properties of the crystalline phase.
The first is self-explanatory. We shall concentrate our at-
tention on the second effect.

is the same as that of c-GaAs, i.e., we do not assume that
e„=e,. The sharp spectral features of e, are due to inter-
band k-conserving transitions at critical points in k
space, and would be expected to be sensitive to finite-size
effects in small microcrystals. Our analysis is thus fo-
cused on the optical properties of p-GaAs, the microcrys-
talline component within the damage layer of our im-
planted GaAs samples. We therefore use the EMA to
derive e„ from the measured e and the known e, .

The dielectric function of the microcrystalline phase is
obtained by solving Eq. (3) for e„:

IV. OPTICAL PROPERTIES
OF THK MICROCRYSTALLINE COMPONENT

1+2B
P

where

(4)

The structure of ion-implanted semiconductors is be-
lieved to have the nature of a volume mixture of micro-
crystals and amorphous material. ' In particular, the re-
cent Raman studies on the same samples studied here
strongly support a structural model of the implantation-
induced damage layer as a fine-scale mixture of amor-
phous and microcrystalline GaAs. Also, these samples
(45-keV Be+ implants to fluences up to 5X10' cm )
were shown, by chemical-etch depth-profile Raman stud-
ies, to have a uniform high-damage plateau extending
from the surface to a depth of about 1500 A, followed by
a graded transition region in which the structure varies
with depth until the undamaged crystal substrate is
reached at about 4000 A. We have made reAectivity
measurements on these samples following chemical-etch
removal of near-surface layers, and find that the uv spec-
trum exhibits a similar depth profile.

In our reflectivity work, photon energies exceeded 2 eV
(well above the room-temperature band gap of 1.43 eV)
and the optical penetration depth for this strongly ab-
sorbed light was less than the depth of the high-damage
plateau. This means that we probed a region with ma-
croscopically uniform structure, avoiding the complica-
tion of the graded transition region. Another significant
feature of these samples, as will be seen in the next sec-
tion, is that the microcrystalline component dominates
the damage layer.

We use the Bruggeman efFective-medium approxima-
tion ' (EMA), a self-consistent effective-medium
theory, to analyze the optical properties of our system.
When applied to our two-phase medium, the EMA takes
the form

(3)

Here, e, e„, and e, denote the complex dielectric func-
tions of the implanted material, the microcrystalline
phase, and the amorphous phase; f, and f„(f„=1 f,)—
are the volume fractions of the amorphous and micro-
crystalline phases, respectively.

The dielectric function e, of a-GaAs is broad and
featureless in this spectral region, and we assume that the
amorphous component in the implanted material has the
same dielectric function. But we do not assume that the
dielectric function of the microcrystalline component, e„,

e e, —f,8=
2e+e, 1 f, — (5)

The spectral region below 2.5 eV, well below the first
strong interband feature at 2.9 eV, was chosen to calcu-
late f, . In Eq. (6), a and a, are known from our experi-
ments (determined from the dielectric functions of Figs. 2
and 3), while a, is known from previous work. ' Obvi-
ously, a, and o., need to be appreciably different from
each other, and a must be intermediate between them, in
order for Eq. (6) to be useful for estimating f, . These
conditions are indeed met in the stated special region, in
which a', is a factor of 4—5 larger than o,

The amorphous fractions estimated from Eq. (6) are
listed in Table I, along with the Raman-derived results
obtained previously. The last column in the table is the
characteristic microcrystallite size L deduced from the
Raman measurements by analyzing the size-effect-
induced shifting and broadening of the longitudinal-
optical —phonon line. The amorphous fraction is rela-
tively low, which is consistent with the idea that relative-
ly light damage is induced by light-ion implantation at
room temperature. For the most heavily damaged sam-
ple, the crystalline component still accounts for 75—80%
of the volume fraction. But the characteristic microcrys-

In order to obtain f„the amorphous volume fraction,
it is assumed that away from the sharp interband features
of the bulk dielectric function, at 2.9 eV (E, ), 3.1 eV
(E&+b, &), and 4.9 eV (Ez), the optical properties of the
microcrystallites are close to those of the bulk crystal
(e'„=e,). This assumption is supported by the good
agreement of the f, values obtained by this procedure
with those obtained independently for these samples from
the earlier Raman studies. It is also self-consistent, as
shown later in the a„spectra of Fig. 6, where o.„ is t;he
microcrystalline-phase optical-absorption coefficient.
The amorphous volume fraction of each sample can thus
be estimated by using the following simple relation, valid
only in spectral regions away from the critical-point
features of e„connecting the absorption coefficients of
the bulk crystal (a, ), the amorphous phase (a, ), and the
implanted material (a):

a=a, f, +a, (1 f, ) . —
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TABLE I. Amorphous fraction and crystallite size in Be+~GaAs.

Sample

(a)
(b)
(c)
(d)

Fluence (cm )

1X10"
5 X10"
1X10"
5 X10"

f, (opt)'

0.03
0.07
0.11
0.20

f, (Raman)

0.07
0.12
0.25

L(Raman)b (A)

(500)'
160
82
55

'Estimated from the optical studies reported here.
Estimated from the Raman studies of Ref. 2.

'Crude estimate based on Fig. 7. The other entries in the last column are based on Ref. 2.

tallite size L is very small; L =55 A for the 5 X 10' -cm
implant.

The dielectric functions of the microcrystalline phase
of the implanted samples, calculated using Eqs. (4) and (5)
and the f, values in Table I (column 2), are presented in
Figs. 4 and 5. These spectra clearly show that the optical
properties of p-GaAs are substantially different than
those of c-GaAs, especially in the vicinity of the sharp in-
terband features. The E& and E, +6& doublet of e2
merges into a single peak as crystallite size becomes less
than about 200 A.

The optical-absorption spectrum of the microcrystal-
line component of each sample, denoted a„(E), was

(a)
25—

determined in each case from the microcrystalline-phase
dielectric function e„(E),whose real and imaginary parts
were shown in Figs. 4 and 5. The results for a„(E) are
shown in Fig. 6, where they are compared with the bulk-
crystal spectrum a, (E). We see that below 2.5 eV a„ is
close to ct„which is self-consistent with (and thereby
supports) the assumption made above in the calculation
of f, .

However, throughout much of the spectral range
displayed in Figs. 4—6 the optical properties of p-GaAs
are seen to dier appreciably from the optical properties
of c-GaAs. This is a key result.

The dielectric function of p-GaAs is different for each
implant, i.e., e„changes with ion Auence. The physical
reason for this is that e„depends on the characteristic mi-
crocrystallite size L within the microcrystalline phase. L
is an internal variable which controls the properties of p-

l5
(a) (b)

20

—l5 I

(c)
25—

l5
(c)

20

—l5
2

PHOTON ENERGY {eV)

FIG. 4. Real part of the dielectric function of the rnicrocrys-
talline phase (p-GaAs) in 45-keV Be -implanted GaAs with ion
fluence (a) 1X10", (b) 5X10", (c) 1X10', and (d) 5X10'
ions/cm'. The dielectric functions of p-GaAs are deduced from
the results of Figs. 2 and 3 using the effective-medium approxi-
rnation, as described in the text. The c-GaAs counterpart is in-
cluded in each panel for comparison.

0 I i

4 5 2
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FIG. 5. Imaginary part of the dielectric function of the mi-
crocrystalline phase in each of the implanted samples, as de-
scribed in the caption of Fig. 4.
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GaAs. %e know L from the Raman work, and we know
that it changes from sample to sample (Table I). Our ex-
periments thus yield the L dependence of e„, which be-
comes progressively more different from the bulk-crystal
e, as L decreases. The observed L dependence is ana-
lyzed in Sec. V and interpreted in Sec. VI.

V. THK EFFECTS OF MICROCRYSTAL SIZE
ON THK OPTICAL PROPERTIES OF p-GaAs

Figures 4—6 display our results for the optical proper-
ties of p-GaAs, the microcrystalline phase that is the

FIG. 6. Absorption coefficient of the microcrystalline phase
in each of the implanted samples, as described in the caption of
Fig. 4. The absorption coefficients are directly calculated from
the dielectric functions of Figs. 4 and 5.

main component within the near-surface damage layer of
the implanted GaAs samples. A clear evolution is seen
with decreasing microcrystal size. To quantitatively
characterize this evolution, a second oscillator analysis
was now performed on the microcrystalline-phase dielec-
tric function e„, for each of the four p-GaAs phases stud-
ied. Since oscillator parameters characterize the e„spec-
tra in a consistent way, systematic microcrystallinity-
induced changes should be significant.

In Table II we compare the oscillator parameters
found for c-GaAs with those found for the p-GaAs phase
in the 5X10' -cm implant. This corresponds to the
comparison between the c-GaAs and p-GaAs spectra
shown in panel (d) of Figs. 4—6. For this p-GaAs the
characteristic microcrystal size is about 55 A (Table I).

A quick review of the road to Table II is in order. Os-
cillator analysis of the measured refiectivity (Fig. 1) was
used to determine the dielectric function (Figs. 2 and 3)
of the implanted material. Effective-medium analysis
[Eqs. (4) and (5)] was then used to extract the dielectric
function e„of the p-GaAs component, using the compo-
sition (f„,f, ) and dielectric function of the implanted
material and the known dielectric function e, of a-GaAs.
Finally, in order to track the changes that occur with de-
creasing L, oscillator parameters were fitted to the e„
spectra of Figs. 4 and 5.

Among the oscillators listed in Table II, three have
especially small (less than 0.4 eV) c-GaAs linewidth
values I;(c). These three oscillators correspond closely
to the three prominent sharp features in the crystalline
spectrum. They are identified with the direct interband
transitions, E j E& +6& and Ez, and their oscillator ener-
gies, 2.92, 3.12, and 4.85 eV, are close to the accepted
room-temperature transition energies. ' We shall focus
our attention on these three labeled rows in Table II. Mi-
crocrystallinity scarcely affects these transition energies;
E, (p) differs from E;(c) by no more than 0.04 eV for
these three oscillators, and we do not view these
differences as experimentally significant. Skipping over to
the last two columns, we see definite c~p changes
(10—15%, both signs) in the fitted F, values. However,
these I; changes, like the E; changes, are overshadowed
by the striking changes manifest in the middle two
columns of the table, and we proceed immediately to dis-

TABLE II. Comparison of the oscillator parameters [Eq. {Il]fitted to c-GaAs and to the microcrys-
talline phase (p-GaAs) in the SX10' -cm implant. (The parameter values listed in the table have
been rounded off from the actual fitting parameters; the dropped digits are not significant and contrib-
ute only noise to a discussion of these values. )

Interband
transition

Ei+b, l

E;(c)
(eV)

2.92

3.12
3.39
3.86
4.56

4.85
6.1

E;(p)
{eV}

2.92

3.16
3.45
3.94
4.59

4.87
6.3

r, (c}
(eV)

0.19

0.34
0.68
0.92
0.75

0.39
2.5

0.53

0.50
0.67
0.98
0.95

0.78
1.9

I';(c}
(ev)

2.22

3.16
3 ~ 88
4.09
7.22

4.82
9.3

e =1.55

I', (I )

(ev)

2.56

2.82
3.21
3.65
7.69

5.53
10.2

e =2.38
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cuss these.
By far, the most pronounced microcrystallinity-

induced (c~p) changes in Table II are those for the I
values in the three labeled rows. The linewidth parame-
ter nearly triples for E„ increases by 50%%uo for E, +b „
and doubles for E2. Among the oscillator parameters,
these three I s experience the largest relative changes
from the crystalline values. The finite-size effects, which
cause the p-GaAs spectra of Figs. 4—6 to depart from the
crystal spectrum (the effect increasing with decreasing
microcrystallite size, in the sequence a~b~c~d), are
concentrated in these three quantities. Thus the changes
in these I"s must be taken seriously, since they epitomize
the c —+p spectral evolution exhibited in Figs. 4—6.

Figure 7 displays a graphic representation of the
microcrystallinity-induced variation in these linewidth
parameters. The horizontal axis is I /L, the reciprocal of
the characteristic crystallite size. Evidence that L pro-
vides a useful measure of microcrystallinity was found in
the earlier Raman-scattering studies on these materials.
The three small-L values plotted at the right and center
of Fig. 7 correspond to the Raman-derived L's listed in
Table I for the three high-fluence implants. The points
plotted on the left-hand axis correspond, of course, to the
bulk crystal (c-GaAs, L = ~). The L value for the low-
Iluence implant (first row of Table I) was not indepen-
dently obtained, but is an interpolated estimate based on
the observed I and the linear I (L ') dependence for the
case of the E

&
oscillator. Using the crude estimate so ob-

tained for this L yields the two points plotted for E, +5,
and E2, which are seen to be reasonably consistent with
the rest of the data.

For each interband-transition oscillator, we may ex-
press the linewidth I as the sum of two terms:

(7)

Here, I is the linewidth measured for a microcrystalline
sample (p-GaAs), I o is the linewidth measured for the
bulk crystal (c-GaAs), and I „„is the additional size-
effect broadening contributed to the linewidth in GaAs
microcrystals by the effect of finite size. From Fig. 7 it is
clear that, within the experimental error, our results
show that I „„is proportional to the reciprocal of the
characteristic microcrystal size:

so that

0.8

0.6

0 Qg

(eV)

0.2]

0
O.OI 0.02

FIG. 7. Spectral linewidth as a function of the reciprocal of
the characteristic microcrystallite size for the three prominent
interband features in the p-GaAs spectra of Figs. 4—6. The
straight lines are fits to the data.

Here, 3 is a constant corresponding to the slope of the
appropriate line in Fig. 7. We list the 2 values in Table
III.

Before discussing interpretations of and mechanisms
for the second term on the right-hand side of Eq. (9), we
should first mention the origin of the first term, the "in-
trinsic" (bulk crystal) linewidth I o. Sharp features in the
dielectric function originate from sharp features in the
joint density of states for direct (or "vertical" or k-
conserving) electronic transitions from the valence band
to the conduction band. The joint density of states is a
continuous function p,„(E) and the shape (and effective
spectral width) of each critical-point feature arises from
the band structure E„(k) in the vicinity of the contribut-
ing critical point(s) in k space. In addition, there are
mechanisms in the bulk crystal (carrier-phonon interac-
tion, carrier-carrier interactions, etc. ) which serve to limit
the lifetimes of the optically induced electron-hole excit-
ed states and which introduce additional broadening into

TABLE III. Excited-state lifetimes ~ as limited by finite-size eftects in p-GaAs, as well as carrier ve-
locities U, estimated from the observed slopes ( A) of the linear relations connecting spectral linewidth I
and reciprocal microcrystallite size L '. The quantity 4m(dE/dk), „, estimated from the band struc-
ture of Ref. 24, is included for comparison to A.

Interb and
transition

El+hi
E

Expt. slope 3
[dI /dL ' (eV A)]

18
9

21

4m(dE /dk), „
(eV A)

16
16
34

(cm/s)

2X10'
1X10'
2X10'

w (for L = 100 A)
(s)

2X 10
5 X10-'4
2X10-"
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the observed linewidth. The combined linewidth arising
from p,„(E) and the superimposed lifetime-limitation
broadening is the "intrinsic" linewidth I 0 which charac-
terizes the bulk-crystal interband feature in room-
temperature c-GaAs. In p-GaAs there is an additional
broadening I „.„ introduced by the microcrystalline
graininess, as manifested in Fig. 7 and the second term on
the right-hand side of Eqs. (7) and (9).

VI. MECHANISMS FOR THE FINITE-SIZE
EFFECTS IN p-GsAS

Ey(k)

(b)

r=(L/2)/U . (10)

If we invoke the uncertainty principle, ~bE=h, and
identify b,E with I „„,Eq. (7) becomes

The discussion of the preceding section suggests that
we seek a lifetime-limitation mechanism for the finite-size
effects we see in p-GaAs. The proximity of the micro-
crystal boundary to the optically excited electron and
hole provides a natural mechanism. We give a simple
uncertainty-principle argument for the spectral effect of
the carrier-boundary interaction.

The basic idea is that a collision with the microcrystal
boundary scatters an optically excited carrier into anoth-
er state, limiting the excited-state lifetime. Let the excit-
ed carriers possess a characteristic velocity u. Then a
rough estimate of the average time v. it takes for an excit-
ed electron (or hale) to "feel" the boundary in a micro-
crystal of size L is

FIG. 8. Direct interband electronic transitions, in the vicini-
ty of a critical point, in a bulk crystal, (a), and in a microcrystal-
lite, (b). The k-vector broadening due to the finite crystallite
size in (b) results in the broadening of the transition energy.

Figure 8(a) indicates a direct (k, =k, ) transition in c-
GaAs in the vicinity of a critical point at which the bands
are parallel. All vertical transitions near the critical
point contribute optical-absorption processes at a well-
defined energy. In p-GaAs, significant wave-vector
spread b,k is present and the effect is shown in Fig. 8(b).
An energy spread AE arises in the transition via the
energy-band dispersion dE/dk. Using 2~dE/dkjbk for
b,E, 2n/L for b, k,. and identifying b,E with the size-effect
broadening I „„ofEq. (7) yields

This equation has precisely the form of the experimental-
ly observed relation, Eq. (9). Equating A with 4m.h'v

yields

r=r, +4~ dE 1

dk L (13)

Equation (13), like Eq. (11), is a linear relation between I
and L, in agreement with experiment [Fig. 7, Eq. (9)].
The equivalence of Eqs. (13) and (11) can be seen by asso-
ciating U of Eq. (11) with the group velocity fi 'dE/dk
corresponding to a wave packet constructed from states
near k.

Equation (13) allows us to connect our results to the
band structure of GaAs. The k-space gradient of E(k),
which determines the second term in Eq. (13), can be es-
timated from the bands in those regions of the Brillouin
zone which dominate the contribution to each optical
feature. The question of identifying the k-space regions
which give rise to the E„E,+5,, and E2 features has
long been studied, ' ' and yet is incompletely
resolved. We make the following consensus-type assump-
tions, and rely on the energy band structure of Cohen and
Chelikowsky for extracting numerical estimates. We
assume that the E, and E, +6& transitions occur along
the A directions, including the L points, and that the E2
transitions occur near the X and K points and along the
X directions. Under these assumptions, we can estimate
a range of values for ~dE/dk~ for each transition. The
minimum value is zero in each case, corresponding to the
horizontal bands at the symmetry points L (for E& and
E&+b &) and X (for E2). The maximum gradient for E&

(12)u =
4+4'

We may note that a relation similar to Eq. (11) has been
used in connection with the optical properties of granular
metals, in which case the linewidth term corresponds to
the Drude collision rate and u corresponds to the Fermi
velocity.

Table III lists the velocities implied by Eq. (12) and the
experimental values for A. Also included in Table III are
values of the size-efFect lifetime r(L) for L =100 A,
representative of our range of samples. These short life-
times, in the 10 ' -s range, are estimated from Eq. (10)
and the optically derived velocities [Eq. (12)]. In this re-
gime of microcrystallinity, the finite-size eff'ect is the
dominant excited-state lifetime limitation.

A different view of the finite-size mechanism is ob-
tained by considering the departure of the electron states
from Bloch states. In a microcrystal of size L, each state
acquires a k-space spread Ak of order 2m/L. This corre-
sponds to the momentum spread A hk mandated by the
position-momentum uncertainty principle for an electron
confined within L. The wave-vector spread hk, in turn,
gives rise to a spread in the energy of interband transi-
tions, as shown in Fig. 8.
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and E, +5, occurs along A, about halfway between I
and L, and for E2 it occurs near K. These maximum
values are included in Table III in the form 4tr~dE/dkI
in order to provide a comparison to our experimental 3
values [equating the L ' coefficients in Eqs. (9) and (13)].
Considering the approximations contained in our model,
the rough agreement is reasonable and supports our
overall picture.

A detail worthy of comment is the experimental
difference we find between the behaviors of the size-effect
broadenings of the E, and E, +b, peaks. Since this dou-
blet arises from the spin-orbit splitting of the valence
band, it is generally presumed that both peaks arise from
transitions in the same region of k space (hence the equal
entries in the middle column of Table III). However, the
difference that we observe in the finite-size effects on E&
and E&+6& suggests that the contributing k-space re-
gions are shifted relative to each other. It is noteworthy
that a recent detailed study of the effect of temperature
on the interband spectra of c-GaAs finds that the E, +5&
linewidth increases more slowly with increasing tempera-
ture than does the E, linewidth, a result which is in the
same direction as our finding for the effect on linewidth
of finite microcrystal size.

VII. SUMMA'RY

Finite-size effects on electronic excitations have been
experimentally identified in the interband spectra of mi-
crocrystalline GaAs. Visible-ultraviolet reAectivity mea-
surements were carried out on a series of unannealed
Be+-implanted GaAs samples in which the
implantation-induced damage layer is known (from previ-
ous Raman work) to consist of a fine-grain mixture of
amorphous and micr ocrystalline GaAs. Oscillator
analysis was used to derive the optical dielectric function
of the implanted layer from the observed reAectivity spec-
trum. Then, by inverting the effective-medium approxi-
mation, we have extracted (from the optical properties of
the two-phase damage layer) the optical functions of the
microcrystalline component, p-GaAs. The optical prop-
erties of p-GaAs are seen (Figs. 4—6) to differ appreciably
from those of the bulk crystal (c-GaAs), with the
difference increasing as the characteristic microcrystallite
size (L) decreases.

The appropriate quantitative characterization of the
evolution of the optical properties of p-GaAs with de-
creasing L is given in terms of the spectral linewidths of
the features associated with the E, , E&+6,, and E2
direct interband transitions. As discussed in Sec. V, the
spectral changes induced by small L are found to be con-
centrated in these three linewidths. These linewidths in-
crease linearly and rapidly (Fig. 7) with L, the inverse
microcrystal size. When L =100 A the size-effect in-
crease in linewidth is about 0.2 eV for the E& and E2
peaks, comparable to the intrinsic bulk-crystal room-
temperature linewidth.

A simple theory based on the uncertainty principle is
found to semiquantitatively account for our observations
on finite-size effects in p-GaAs, notably the linear depen-
dence of linewidth on L ' as well as the magnitude of
this dependence. Small microcrystal size implies a short
time for excited carries to reach, and to be scattered by,
the microcrystal boundary. This limits the excited-state
lifetime, and thus broadens the excited-state energy. Our
results indicate (Table III) a severe lifetime limitation, of
order 3X10 ' s, for microcrystallinity in the 100-A
range. The velocities indicated by the experimentally de-
rived lifetimes are consistent with band-structure group
velocities in GaAs. An alternative argument, also based
on the uncertainty principle, can be expressed in terms of
k-space broadening of electron states: a k-space spread
of order 2'/L is implied by microcrystal size L. This
viewpoint yields, via E(k) energy-band dispersion, an
equivalent linear relation between linewidth and L, in
agreement with experiment.
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