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GaAs/Ge/GaAs double heterostructures (DHs) were grown in-situ using two separate molecular

beam epitaxy chambers. High-resolution x-ray rocking curve demonstrates a high-quality GaAs/

Ge/GaAs heterostructure by observing Pendell€osung oscillations. The kinetics of the carrier

recombination in Ge/GaAs DHs were investigated using photoconductivity decay measurements

by the incidence excitation from the front and back side of 15 nm GaAs/100 nm Ge/0.5 lm GaAs/

(100)GaAs substrate structure. High-minority carrier lifetimes of 1.06-1.17 ls were measured when

excited from the front or from the back of the Ge epitaxial layer, suggests equivalent interface

quality of GaAs/Ge and Ge/GaAs. Wavelength-dependent minority carrier recombination

properties are explained by the wavelength-dependent absorption coefficient of Ge. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4794984]

Germanium has received significant attention for low-cost

and high-density near infra-red detection,1–3 template for het-

eroepitaxy of GaAs on Si for laser and solar cells,4–6 multi-

junction solar cells,7 tunnel transistors,8 and high hole mobility

p-channel material for next generation low-power metal-oxide

field effect transistors on Si.9 In addition, high-quality Ge/

GaAs heterostructure opens up the possibility of heterogeneous

integration of photonic devices in the 1.3-1.5 lm range.

Moreover, Ge epitaxial film on a large bandgap GaAs material

is of immense interest due to lattice-match (mismatch

�0.07%), which ensures larger critical thickness, lower defect

density, and strain-free Ge epitaxial film. To obtain the level

of material quality necessary for minority carrier device

applications,1–7,10–12 it is necessary to grow defect-free GaAs/

Ge/GaAs double heterostructures (DHs) with high minority

carrier lifetime and thin top GaAs layer on Ge that can be used

as interface passivation layer for integration of high-k dielec-

tric in order to achieve Ge-based CMOS logic. Recently, mi-

nority carrier lifetimes in bulk Ge,13–15 Ge on GaAs,16 and Ge

on Si17 were studied by several researchers since the carrier

lifetime is one of the most important semiconductor parame-

ters that is sensitive to the structure, density of crystal defects,

and doping density in the semiconductor. The important tech-

nical challenge in achieving desired characteristics is the mini-

mization and controlling of antiphase domains (APDs) due to

polar-on-nonpolar epitaxy of GaAs on Ge. In order to achieve

the APD-free GaAs layer on Ge substrate, various growth

processes have been developed that include migration

enhanced epitaxy (MEE), thermal cycle annealing, and use of

substrate offcut. Although, high-quality GaAs/Ge/GaAs DHs

have been reported by several researchers18–24 including our

own results,25,26 there have been no reports on the minority

carrier lifetime and carrier recombination kinetics of molecular

beam epitaxy (MBE) grown GaAs/Ge/GaAs heterostructure,

and this information is necessary to identify carrier loss mecha-

nisms at each heterointerface. This investigation on MBE-

grown lattice-matched GaAs/Ge/GaAs heterostructures will

assist further optimization through fundamental understanding

of the processes controlling the loss. This letter provides signif-

icant advancement in understanding of GaAs/Ge/GaAs hetero-

structures grown by MBE. High minority carrier lifetimes are

observed for Ge layer using contactless photoconductivity

decay (PCD) response since photoluminescence decay meas-

urements are not useful in obtaining minority carrier lifetime

in Ge due to indirect-gap material.

The GaAs/Ge/GaAs double heterostructures were grown

by an in-situ growth process on 6� offcut (100) towards the

[110] direction epi-ready semi-insulating GaAs substrates

using separate solid source MBE growth chambers for Ge and

III-V materials, connected via ultra-high vacuum transfer

chamber. Substrate oxide desorption was done at �680 �C
under an arsenic overpressure of �1 � 10�5 Torr in an III-V

MBE chamber. During the substrate oxide desorption, GaAs

layer growth, and the Ge layer after growth, reflection high

energy electron diffraction (RHEED) patterns were recorded

for each step of the growth process. An initial 0.5 lm thick

undoped GaAs buffer layer was then deposited on GaAs sub-

strate to generate a smooth surface at 650 �C, under a stabi-

lized As2 flux prior to transferring GaAs wafer to the Ge MBE

chamber with base pressure of 6�10�11 Torr for Ge epilayer

growth. During the Ge epilayer growth, the chamber pressure

was�2.5�10�8 Torr. The growth rate and the growth temper-

ature of Ge layer studied here was 0.07 Å/s and 400 �C, as

determined by triple axis x-ray diffraction from Pendell€osung

thickness fringes, and further confirmed by cross-sectional

transmission electron microscopy (TEM). After the growth

of Ge epitaxial layer, the growth temperature was carefully
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reduced to about 50 �C, and then substrate was transferred to

III-V MBE chamber for subsequent GaAs layer growth to

complete the entire GaAs/Ge/(100)GaAs double heterostruc-

ture. The thickness of the undoped epitaxial Ge layer was

about 100 nm and it was p-type (�1 � 1017 cm�3). Migration

enhanced epitaxy with As2 pre-layer was used for the subse-

quent GaAs growth on Ge epilayer with thickness of 15 nm.

The growth of upper MEE GaAs layer was carried out at

�350 �C to prevent out-diffusion of Ge and the simultaneous

in-diffusion of Ga and As into Ge. An As2/Ga ratio of �14

and the reduced growth rate of 0.25Å/s were maintained at all

times. Out of 15 nm GaAs layer, 3 nm was grown at 350 �C,

and remaining 12 nm was grown at 500 �C with the same

As2/Ga ratio and the reduced growth rate.

Epitaxial films were investigated using contact mode

atomic force microscopy to reveal surface morphology. The

epitaxy of GaAs/Ge/GaAs double heterostructures was con-

firmed using a Panalytical MRD X’Pert Pro triple axis x-ray

diffraction system with a CuKa1 line-focused x-ray source.

Ultrahigh frequency photoconductive decay (UHFPCD) meas-

urements were made on GaAs/Ge/GaAs heterostructure at

300 K to monitor the photoconductivity decay within the Ge

well in order to gain insight into the carrier recombination dy-

namics in GaAs/Ge/GaAs heterostructure and understand the

nature of GaAs/Ge and Ge/GaAs interfaces. A range of excita-

tion wavelength of 1000–1500 nm was used as described in the

following either from the front or backside illumination. PCD

lifetimes were quantified by fitting the decay curve after the op-

tical excitation pulse was removed. Complete details of this

measurement technique can be found elsewhere.27

To determine the structural quality and relaxation state of

the 15 nm GaAs/100 nm Ge/(100)GaAs DHs, high-resolution

triple axis x-ray (004) rocking curves were recorded. Figure

1(a) shows the rocking curve from the (004) Bragg line of

GaAs/Ge/GaAs DH, where the epitaxial Ge layer thickness is

significantly lower than the critical layer thickness. The angu-

lar separation between the (004) diffraction peaks of Ge and

GaAs resulting from the difference in lattice plane spacing

along with their diffraction line profiles provides information

about the interface quality of the Ge film. The peak separation

between the Ge epilayer and the GaAs substrate is about 140

arcsec. The appearance of Pendell€osung oscillation fringes on

both sides of Ge and GaAs peaks implies the presence of par-

allel and very sharp heterointerface. The relaxation state of Ge

layer was also measured from symmetric (004) and asymmet-

ric (115) reflections of reciprocal space maps (RSMs) meas-

ured using triple axis x-ray diffraction, shown in Figure 1(b)

and 1(c), respectively. The RSMs exhibit 2 distinct reciprocal

lattice point (RLP) maxima and the peak assignments corre-

sponding to those RLP maxima are from (i) the GaAs and (ii)

the Ge epilayer. One can find from these RSMs that the thick-

ness of the fringes as shown in Fig. 1(a) associated with a thin

layer now become contour of intensity. The degree of relaxa-

tion of the Ge layer was limited to only 5%, which is expected

since the critical layer thickness of Ge is about 1.8 lm. The

minimal relaxation and the thickness fringes confirm the high-

quality GaAs/Ge/GaAs heterostructure grown by MBE.

Figure 2 shows the cross-sectional TEM micrograph of a

GaAs/Ge/GaAs heterostructure. Each interface of this struc-

ture is indicted by a dashed line. There are no threading

dislocations observed in this structure, as expected since the

lattice mismatch between the Ge and the GaAs is limited to

only 0.07%. However, the polar-on-nonpolar growth of GaAs

on Ge may produce microscopic size of APDs separated by

antiphase boundaries (APBs), which can creates recombina-

tion centers. As a result of these APBs, the minority carrier

recombination properties can be different if the excitation is

applied from the front side of the structure (GaAs on Ge) com-

pared to the backside of the wafer (Ge/GaAs). One can

FIG. 1. (a) X-ray rocking curve from the (004) reflection of 15 nm GaAs/

100 nm Ge heterostructure on (100)/6� GaAs substrate. The Pendell€osung

oscillations in the rocking curve confirm the high crystalline quality of the

Ge epitaxial layer; (b) symmetric (004) and (c) asymmetric (115) reciprocal

space maps of 15 nm GaAs/100 nm Ge/(001)GaAs double heterostructure.

The RSMs are plotted in reciprocal space coordinates, and each epilayer

peak corresponding to reciprocal lattice point is indicated in this figure.

FIG. 2. Cross-sectional TEM micrograph of a GaAs/100nmGe/GaAs hetero-

structure. In this figure, both interfaces of GaAs/Ge and Ge/GaAs are indi-

cated by dotted lines.
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summarize from Fig. 2 that the APDs are not present at the

length scales shown in the micrograph; however, the possibil-

ity of the smaller length scales of APDs is not ruled out.

Although minimal, such microscopic size APDs can be

expected to impact optoelectronic properties of this DH, and to

investigate this possibility, UHFPCD measurements were con-

ducted. Figures 3(a) and 3(b) show the excitation wavelength

dependent PCD obtained from the GaAs/Ge/GaAs DH where

the excitation was applied from the front side of the epilayer

structure as well as from the back side of the GaAs substrate,

respectively. The absorption coefficient of Ge varies from

2� 104 cm�1 (k¼ 1000 nm) to 4� 103 cm�1 (k¼ 1500 nm).

As a result, the penetration depth at each wavelength is much

larger than the thickness of the epitaxial Ge layer studied in

this paper. By fitting the PCD data (VPCD) to

VPCD ¼ k1 exp � t

sPCD

� �
; (1)

within the low-level injection regime as indicated in these

figures, PCD lifetimes (sPCD) were extracted and are shown

in Fig. 4. From Fig. 4, one can find that the sPCD values were

almost constant with the excitation wavelengths, reaching

�1.15 ls for a 1400 nm excitation wavelength. However,

Vanhellemont et al.28 have demonstrated that the carrier life-

time in bulk Ge increases with increasing excitation level,

and the possible cause for this apparent increase of lifetime

compared to low excitation is due to trap filling effect. In the

present study, the lifetime is almost constant with the excita-

tion levels; suggesting that the amount of trap centers is sig-

nificantly less in GaAs/Ge/GaAs heterostructure. Moreover,

the PCD lifetime obtained in this work is 2.6� the minority

carrier lifetime measured on Ge/GaAs system16 where the

lifetime is limited to 0.44 ls for an n-type Ge with residual

doping concentration of 1018 cm�3.

The impact of the interface recombination, although

small is clearly evident when excitation is used for wave-

length shorter than 1.3 lm. It is clearly seen from Fig. 3 that

the carrier recombination does not yields a single-slope ex-

ponential decay as expected for ideal UHFPCD measure-

ments in the wavelength range of 1000–1300 nm. The fast

initial PCD decay observed is the decrease of the amplitude

of the carrier decay with the excitation wavelength shorter

than 1.3 lm. This may be explained by at least two phenom-

ena: First, a high value of surface recombination velocity (S)

at the upper GaAs/Ge heterointerface due to polar-on-nonpo-

lar growth can yield multiexponential photoconductivity

decay due to the higher concentration of photogenerated car-

riers near the upper interface that would dominate the initial

part of the photoconductivity decay.29 However, the similar

exponential decay was observed from this heterostructure

when the excitation was made from the backside of the struc-

ture, thus eliminating the possibility of the higher S at the

upper GaAs/Ge interface due to large amount of APDs. This

also suggests that the S is probably quite similar at these two

interfaces by comparing the lifetime values shown in Fig. 4.

The initial exponential decay is due to higher concentration

of carriers absorbed at the surface and some degree of sur-

face recombination, and higher injection level generates

more carriers that lead to potential Auger recombination.

Increasing the excitation wavelength greater than 1.3 lm, the

PCD response is leading to a single-slope exponential decay.

FIG. 3. Excitation wavelength dependent variations of PCD data obtained

from the GaAs/Ge/GaAs DH at 300 K where the excitation was applied

from the (a) front side of epilayer structure and the (b) back side of the

GaAs substrate. The figure also shows the data fits to the PCD signal where

the minority carrier lifetime was determined at each wavelength. The initial

PCD data decreases sharply from 0 to 1 ls after excitation pulses with wave-

length 1000 nm, 1100 nm, 1200 nm, and 1300 nm. The PCD data at different

wavelengths were offset for clarity.

FIG. 4. Minority carrier lifetime versus excitation wavelength of GaAs/100

nmGe/GaAs double heterostructures excited from the front and back illumi-

nation. The measured minority carrier lifetime was �1.15 ls at 1400 nm

wavelength.
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Although the injection level was fixed at �1013 photons/cm2

using the near infra-red beam from 750 nm to 2000 nm, how-

ever the injection level would need to account for absorption,

thickness, surface reflection, and even perhaps lifetime for

the steady-state population build-up of excess carriers. The

initial fast decay is attributed due to (i) variations of injection

level due to light intensity at lower wavelength or due to (ii)

the interface/surface levels. Since the thickness of the epitax-

ial Ge layer is much lower than the penetration depth at

wavelength studied in this paper, a possibility in photogener-

ated carrier diffusion that can occur during the transient time

window29 as a result of the initially nonuniform carrier gen-

eration profile that is dictated by the strong wavelength de-

pendent absorption coefficient of the Ge layer is neglected.

In order to differentiate (if any) the nature of GaAs/Ge

and Ge/GaAs heterointerfaces, the PCD data shown in Fig. 3

were re-plotted in a shorter time scale lower by 10�. Figures

5(a) and 5(b) compares only the initial 0-0.2 ls PCD

response of the GaAs/Ge/GaAs DH as a function of excita-

tion wavelengths from 1000-1400 nm, where the excitation

was applied from the front side and backside of the DH,

respectively. In the wavelength shorter than 1300 nm (higher

absorption coefficient), the PCD behavior from the upper

interface (Fig. 5(a)) decreases faster compared to the bottom

interface (Fig. 5(b)). This could be due to the carrier recom-

bination at the upper GaAs/Ge interface caused by the

microscopic size of the APDs present at this interface com-

pared to Ge/GaAs interface. However, the value of S is not

enhanced by the presence of microscopic size of APDs at the

GaAs/Ge heterointerface. The initial fast decay at the wave-

length �1300 nm could be due to presence of interface and

surface levels.

In summary, photoconductive decay measurements have

been used for the optimization of the heteroepitaxy of GaAs/

Ge/GaAs heterostructure by measuring the minority carrier-

lifetimes as a function of excitation wavelength. The PCD

lifetimes of 1.06-1.17 ls have been demonstrated for the

GaAs/Ge/GaAs double heterostructure, which are 2.6� higher

than the reported minority carrier lifetime measured on

Ge/GaAs system. In addition, outstanding GaAs/Ge interface

quality is demonstrated which is comparable to the Ge/GaAs

interface since the minority carrier lifetime measured by

the excitation from the front GaAs/Ge and from the back

Ge/GaAs were almost identical. Thus, the high-quality MBE

grown GaAs/Ge/GaAs heterostructures can offer a promising

path for extending the performance and application of Ge-

based minority carrier and quantum well devices.
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