Open Access Article. Published on 09 May 2022. Downloaded on 12/5/2025 12:30:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials

Advances

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2022,
3,5034

Received 4th March 2022,
Accepted 7th May 2022

DOI: 10.1039/d2ma00260d

rsc.li/materials-advances

Introduction

Probing crystallographic orientation-specific
carrier lifetimes in epitaxial Ge/AlAs and InGaAs/
InP heterostructures

Mantu K. Hudait 2 *® and Steven W. Johnston®

Current silicon (Si) fin transistors rely on (100) and (110) crystallographically oriented surfaces, and the
proposed alternate channel transistor technology comprises materials with higher mobility than Si.
Crystallographically oriented epitaxial germanium (Ge) and indium—gallium arsenide (InGaAs) have the
potential to replace Si in ultra-low power transistor applications. The higher carrier lifetime is an
indication of superior material quality, which relates to the leakage current of a fin transistor. To gain
insights into the carrier recombination dynamics in these crystallographically oriented epitaxial Ge and
InGaAs layers, the contactless microwave photoconductive decay (u-PCD) technique at an excitation
wavelength of 1500 nm was employed to probe the orientation-specific carrier lifetimes. Highly
effective carrier lifetimes >200 ns for (100)Ge/AlAs and (110)Ge/AlAs, and ~80 ns for (111)Ge/AlAs
heterostructures, were extracted at room temperature. The measured carrier lifetime has a strong
dependence on the surface orientation, which could be related to orientation-specific bulk trap states
present within the bandgap of Ge. The (111)Ge orientation has 3 times lower carrier lifetime compared
to the (100)Ge and (110)Ge surface orientations. On the other hand, the carrier lifetimes of 125 ps and
10 ns were determined from (100)InGaAs/InP and (110)InGaAs/InP heterostructures, respectively. The
reduction in carrier lifetimes in both (111)Ge and (110)InGaAs was due to high electrical conductivity or
higher bulk trap states present within the bandgap as well as the facet-dependent growth of the
(110)InGaAs layer on InP. A surface passivating layer is indispensable for these orientation-specific
epitaxial layers to improve the carrier lifetime. Therefore, the higher carrier lifetimes from technologically
interesting (100)Ge and (110)Ge surfaces would offer a path for the development of Ge-based ultra-low
power electronics, and optoelectronic devices based on the (100)InGaAs layer.

could be correlated with the atomic structure of the surface, bond-
length variation and distortion for different crystallographic planes,

The crystallographic plane of a semiconductor material is key
to a number of technological importances, such as silicon (Si)
based nanoscale fin transistors, where (100) and (110) surfaces
were used for ultra-low power CMOS circuit, epitaxial growth,
aspect ratio trapping of dislocations for growing epitaxial GaAs
films on grooved Si substrates,’° artificial facet-engineered
surfaces, and the interfaces of photocatalytic materials®">* for
enhancing their photocatalytic performances. These man-made
or naturally occurring crystal surfaces with microscopic facets
would strongly influence their photocatalytic, electronic, and
photonic properties.>** The observed facet-specific properties
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and the interaction of absorbing molecules with those surfaces.>>*®
The surface that has experienced thermodynamic faceting can show
an unusual change in the morphology of a crystal surface,* where
an initially uniform surface can separate into regions with different
surface orientations or the deposited epitaxial layer can exhibit
different surface morphologies depending on the starting substrate
during the material synthesis.*® By modifying the surface faceting,
one may envision the growth of quantum wires (ie., one-
dimensional system) or nanoctystal arrays.**>° Recent advance-
ments in our understanding of the experimentally observed
facet-dependent electrical conductivity properties for the different
crystallographic planes, such as (100), (110), (111), (211) of elemental
or binary semiconductors, such as Si,”*?® Ge,>**>*” GaAs,*® GaN*’
and oxide materials including Cu,0O, TiO,, Ag,0, Ag;PO, and their
heterostructures®' is indispensable.

Density functional theory (DFT) predicts the band structure
and bandgap of different semiconductors.?>>* The bandgap of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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these semiconductors and their different crystal planes play an
important role in electronic and optoelectronic devices. In
addition, different surface trap states are present within the
semiconductors, Si***® and Ge.>**” It has been reported that
the density of the surface states (Ngs) in Si depends on the
crystallographic orientation (Ngg111 > Ngs110 > Ngg100), and
the minority carrier lifetime is maximum for the (100) orienta-
tion in p-Si and (111) orientation in n-Si.*® In addition, the
higher carrier lifetime for the (111) orientation overcomes the
disadvantage of having higher Ngs. Thus, the (100) and (111)
crystallographic orientations have a preferred choice for p-type
and n-type Si-based solar cells, which will yield higher conver-
sion efficiency.*® Tan et al.>® observed the orientation-specific
carrier lifetimes and this was due to the surface orientation-
specific facets formed on each surface. For example, the (111) Si
or Ge surface has the shortest carrier lifetime, which is related
to the lowest surface trap state density>>>*>” and high electrical
conductivity.>® These results were based on the voltage-
dependent impedance spectra in the voltage range from
—0.2 V to 2.0 V, and current-voltage (I-V) measurements in
the voltage range of —5 V to 5 V. However, the electronic devices
based on Si or Ge require much lower voltage ranges. In
addition, the arrangement of the surface atom through crystal
facet engineering"”** during epitaxial semiconductor materials
synthesis on a microscopic scale is difficult to realize in
practice. Synthesizing epitaxial layers with different crystallo-
graphic planes with and without facets at a macroscopic scale
as well as measurement techniques that do not require voltage-
dependent information to extract carrier lifetime on those
oriented surfaces, would make a significant contribution to
the scientific community as well as impactful technological
importance. To gain more insights into the orientation-specific
carrier lifetimes, we have probed the carrier lifetimes in
orientation-specific epitaxial Ge and InGaAs layers that were
grown on different and oriented GaAs and InP substrates to
create an orientation-specific epitaxial layer, respectively, using
the microwave-reflection photoconductive decay (pu-PCD)
method. In this study, (100)Ge, (110)Ge, and (111)Ge epitaxial
layers on respective GaAs substrates and both (100)InGaAs and
(110)InGaAs lattice-matched epitaxial layers on InP substrates
were deposited using the interconnected solid source molecu-
lar beam epitaxy (MBE) system. In addition, one lattice-
matched (110)InGaAs layer on (110)InP substrate with severe
facets (see below) during growth was grown to compare with a
less faceted (110)InGaAs layer. If the microscopic facet controls

Table 1 Information on the crystallographically oriented lattice matched
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the carrier lifetime through surface recombination, then a
sample with a severely faceted surface should have a lower
carrier lifetime at initial times when carriers are first generated
and perhaps even at later times if diffusion to the surface and
surface recombination is sufficiently high. The selected epitax-
ial layers were characterized to determine the quality of their
materials prior to p-PCD measurements. The p-PCD data yields
carrier lifetimes ranging from 76 ns to 258 ns for oriented Ge
layers, and 10 ns to 125 ps for oriented InGaAs layers, at the
excitation wavelength of 1500 nm. Excitation wavelength-
dependent carrier lifetimes were also determined from
(111)Ge/AlAs heterostructure. These orientation-specific carrier
lifetimes have a strong dependence on the surface orientation,
which could be related to the orientation-specific bulk trap
states present within the bandgap of Ge. In addition, these
orientation-specific carrier lifetimes can be correlated with the
orientation-specific mobility of Ge' and would have a prospect
for future developments of Ge-based nanoscale fin transistors.
Furthermore, shorter carrier lifetimes were determined for
both (110)InGaAs/InP heterostructures as compared to the
(100)InGaAs/InP heterostructure, which is related to the micro-
scopic facet-dependent growth of the (110)InGaAs layer on the
(110)InP substrate” or well-known facet-dependent growth of
epitaxial (110)InGaAs on (110)InP substrate,®”374!

Experiments

Lattice matched Ge/AlAs and In,Ga; ,As/InP (0.49 < x < 0.53)
heterostructures with different crystallographic planes (see
Table 1 below) were grown on respective AXT Inc GaAs and
InP substrate orientations by solid source molecular beam
epitaxy. A vacuum interconnected dual-chamber Veeco Gen-II
MBE system with separate reactors for group IV and group III-V
materials was specifically used for orientation-specific Ge/AlAs
heterostructures. An in situ reflection high energy electron
diffraction system connected to the III-V growth chamber was
used to monitor each GaAs and InP substrate oxide desorption
process and the surface reconstruction of the III-V epilayers
(i.e., GaAs, AlAs, InGaAs) during growth. A 400 gm capacity
SUMO effusion cell was used for Ge growth. The GaAs and InP
substrate oxide desorption was performed at 750 °C and 575 °C,
respectively, under an arsenic (As,) flux of ~10~> Torr, and the
substrate temperature was reduced to 650 °C for (100)GaAs/
AlAs, 600 °C for (110)GaAs/AlAs, 550 °C for the (111)GaAs/AlAs

Ge/AlAs, InGaAs/InP heterostructures, and their carrier lifetime

Lifetime at 1500 nm excitation

Sample label Heterostructure Orientation Ge or InGaAs thickness (nm) Lifetime (ns) R

A Ge/200 nm AlAs/(100)2°GaAs (100) 290 232 0.98493
B Ge/200 nm AlAs/(110)GaAs (110) 290 258 0.98414
C Ge/200 nm AlAs/(111)A GaAs (111) 290 81 0.99033
D In.46Gag 5:As/(100)/InP (100) 10000 125 x 10° 0.99731
E In 55Gag 4As/(110)InP (110) 10000 10 0.99734
F Ing53Gag 4-As/(110)InP (Faceted) (110) 10 000 10 0.99734

© 2022 The Author(s). Published by the Royal Society of Chemistry
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heterostructure growth, respectively. On the other hand, the
growth temperature and the group-V/III flux ratios were 530 °C/
450 °C and 30/32 for the (100)In,Ga; ,As/(110)In,Ga; ,As
epitaxial layers, respectively. Here, the temperature is referred
to as the thermocouple temperature. The orientation-specific
reduction of the growth temperature and group V/III ratios'®*?
were essential in order to reduce the surface faceting and
surface adatom mobility during each heterostructure material
synthesis. Each InGaAs/InP heterostructure was grown inside
the group III-V reactor. Following the 250 nm GaAs homoepi-
taxy and 200 nm AlAs intermediate buffer layer growth in each
orientation-specific Ge/AlAs heterostructure inside the group
III-V reactor, the sample was cooled to <200 °C under an
arsenic overpressure before being vacuum transferred to the
group IV chamber for the Ge layer growth. The nominally
undoped 290 nm thick Ge layer (thickness was calibrated via
cross-sectional transmission electron microscopy) growth was
performed at 400 °C on each oriented GaAs substrate. Finally,
each orientation-specific Ge/AlAs heterostructure was slowly
cooled to below 100 °C and unloaded from the group-IV reactor
to a buffer chamber. The details of the growth procedure for
epitaxial Ge and InGaAs heterostructures have been reported
elsewhere.>'??

Each orientation-specific heterostructure was characterized
using several analytical tools, namely, high-resolution X-ray
diffraction for crystallinity and composition, cross-sectional
transmission electron microscopy (TEM) for interface quality
and faceting, and atomic force microscopy for surface morphol-
ogy. The details of these properties were reported in our earlier
publications.>*'>1%33 The surface morphology from the sur-
face of each InGaAs/InP heterostructure was determined by
atomic force microscopy (AFM). The carrier lifetimes were
evaluated by the photoconductivity decay method** at the
National Renewable Energy Laboratory, wherein the sample
conductivity due to the excess carriers generated by laser
excitation (wavelengths of 1500 nm and 1800 nm) was mon-
itored via the microwave power reflected from each sample
surface. Each sample (dimension ~ 10 mm x 10 mm) was
placed directly underneath the waveguide (WR42 for 20 GHz,
dimension ~ 4.3 mm X 10.7 mm) and the laser beam flux at
these wavelengths filled the waveguide during each measure-
ment. The laser excitation was provided from the top of each
sample surface, which was facing up during the measurement.
The laser-excitation source consisted of a Q-switched
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser,
where the third harmonic, 355 nm, pumped an optical para-
metric oscillator (OPO). The OPO was then tuned to give
1500 nm from the idler output. The laser pulse repetition rate
was 10 pulse per s, and the injection level of carriers was
approximately 10" cm™>. The power at 1500 nm was 20 mW
when measured on a powermeter, where the absorption disk
was 20 mm in diameter without attenuation, and the beam had
expanded to larger than the power meter’s measurement area.
Each attenuation of the power level was lowered by 10x. The
balsa wood (relative dielectric constant near air) sample stage
moved up and down during the sample loading and unloading
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during each measurement. There was a transparent conductive
oxide on a glass slide on top of the waveguide to allow the light
through the sample surface but reflect the microwave power
back down instead of radiating out from the top. The p-PCD
lifetimes were quantified for each heterostructure by fitting the
decay curve after a short ~3 ns optical excitation pulse ended.

Results and discussion

Fig. 1 shows a schematic representation of the orientation-
specific lattice-matched Ge on AlAs/GaAs and InGaAs/InP fin
transistor architectures utilizing (100) and (110) surfaces for
ultra-low-power electronic devices. As discussed above, the
orientation-specific Ge or InGaAs materials have technological
importance if the quality of the epitaxial materials were
assessed via the carrier lifetime on those surfaces since they
are sensitive to surface roughness® and defects and disloca-
tions. For epitaxial materials, Hall mobility is an important
figure of merit, similar to the carrier lifetime for (opto)elec-
tronic materials, such as InGaAs and Ge. Fig. 2 shows the cross-
sectional schematics of each orientation-specific Ge and
InGaAs heterostructures investigated in this work. Specifically,
the orientation-specific Ge layers were grown on (100), (110)
and (111)A GaAs substrates using an intermediate large band-
gap AlAs buffer layer. For the orientation-specific InGaAs layers,
InP substrates with (100) and (110) orientations were
used during growth. Vacuum interconnected dual-chamber
MBE growth chambers were used to synthesize these

Gate

Fig.1 Schematic lattice

representation of the orientation-specific
matched Ge on AlAs/GaAs and InGaAs/InP fin transistor architecture,
where (100) and (110) surfaces are of technological importance for ultra-
low power electronic devices. Here, the lattice matched epitaxial Ge and
InGaAs layers were realized on GaAs substrate with an intermediate AlAs
buffer layer and InP substrate, respectively. The respective substrate
orientations were used for synthesizing orientation-specific Ge or InGaAs

layers 1633

© 2022 The Author(s). Published by the Royal Society of Chemistry
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290 nm (100) Ge

290 nm (110) Ge

290 nm (111) Ge

200 nm AlAs
250 nm GaAs buffer 0 a A

S. |. GaAs (100) 2° substrate aA 0
A: (100)Ge

200 nm AlAs

B: (110)Ge

200 nm AlAs
e 250 nm GaAs buffer

bstrate S. I. GaAs (111)A substrate
C: (100)Ge

1 pm p-type (5% 10'7cm?)
(100) |no_4gGao_51AS buffer

S. I. InP (100) substrate

D: (100) Ing 45Gag 51AS

1 pm p-type (5% 10"7cm™)
(110) Ing 53Gag 47As buffer

S. I. InP (110) substrate

E: (110) Ing 53Gag 47As

1 um p-type (5x 10'"cm™)

(110) Ing 53Gag 47As buffer
(Faceted growth)

S. . InP (110) substrate

F: (110) Iny 53Gag 47As (Faceted growth)

Fig. 2 Schematic representation of the orientation-specific lattice matched (a) (100)Ge on semi-insulating (S. I.) (100)GaAs, (b) (110)Ge on (110)GaAs,
and (c) (111)Ge on (111)A GaAs substrate, respectively. For epitaxial Ge heterostructure, 200 nm of the AlAs intermediate buffer layer was used, which
served as a barrier layer and also provided a large band offset between Ge and AlAs than Ge on GaAs.'® Here all the Ge epitaxial layers are n-type
(unintentionally doped) and the doping was ~2 x 10 cm™>. (d)-(f) shows the beryllium (Be)-doped p-type (5 x 10 cm™) 1 um thick (100)InGaAs,

(110)InGaAs and (110)InGaAs (faceted growth) on InP substrate, respectively.

heterostructures. An in situ reflection high energy electron
diffraction (RHEED) unit inside the III-V MBE system was used
for monitoring the (i) GaAs and InP substrate oxide desorption
process, (ii) surface reconstruction of the binary III-V and
InGaAs layers before, during, and after growth, and (iii) Ge
material (by transferring each oriented Ge heterostructure from
the group IV reactor to group III-V reactor for RHEED analysis)
post-growth quality. These heterostructures were analyzed
using X-ray diffraction for indium composition in the InGaAs
layer and quality of each heterostructure,*'%** cross-sectional
transmission electron microscopy (TEM) analysis for interface
studies and overall material quality,>'*"'*>?* atomic microscopy
(AFM) for surface morphology, and p-PCD analysis for the
carrier lifetimes, reported in this work. The structural analyses
of these heterostructures can be found elsewhere.>'*?

A Probing facets in (110) InGaAs/InP heterostructures

Atomic force microscopy analysis was performed from the
surface of orientation-specific InGaAs/InP heterostructures.
Fig. 3 shows the 20 pm x 20 pm AFM micrographs (3D view)
from the surface of the InGaAs layers grown on (100) and (110)
InP substrates, where one can observe the faceted growth of
InGaAs layers on (110)InP substrates (see samples E and F). It
has been reported that the epitaxial (110)InGaAs layer has a
tendency to exhibit a crystallographically faceted surface during
growth.”***! The growth temperature, growth rate, and group
V/III ratio are the key growth parameters in order to achieve
smooth surface morphologies.” The root mean square (rms)
surface roughness of ~0.28 nm, ~7.5 nm and ~20 nm over
the 20 x 20 pum® scan area from the surface of (100)
Ing 40Gay 5:As (Sample D), (110) Ing 53Gag 47As (Sample E), and

© 2022 The Author(s). Published by the Royal Society of Chemistry

(110) Ings53Gag4-As (Sample F), respectively, were measured.
The higher surface roughness and different surface facets were
observed for the (110) Ings3;Gap4,As (Sample F) than (100)
Ing 40Gag 5:As (Sample D), which affected the carrier lifetime,
as discussed below.

B Carrier lifetimes in the oriented Ge/AlAs heterostructures

Carrier lifetimes from lattice-matched Ge/AlAs heterostructures
with three different surface orientations were determined by a
non-contact n-PCD method. As discussed above, the carrier
lifetime has a strong orientation dependence on elementary (Si,
Ge) and binary (GaAs, GaN) semiconductors,*****%37 as well as
a few oxide materials.>"*> Over the decades, different measure-
ment techniques, such as temperature-dependent photolumi-
nescence, microwave reflection and transmission probing, and
non-contact PCD, have been developed*>™* for the determina-
tion of the carrier lifetime. In this work, the carrier recombina-
tion properties in the oriented Ge/AlAs heterostructures were
investigated at room temperature using the p-PCD method. The
carrier recombination properties from each Ge/AlAs hetero-
structure were studied as a function of surface orientation
(see Fig. 2). An excitation wavelength of 1500 nm (0.826 eV)
was used during the measurement, and the carrier lifetimes
were quantified by fitting the decay curve after a short ~3 ns
optical excitation pulse ended. To gain further insights into the
carrier recombination properties, an excitation wavelength of
1800 nm (0.688 eV) was used, especially for the (111)Ge/AlAs
heterostructure since it has the lowest amount of surface states,
as reported by Hsieh et al.>* as well as lowest carrier lifetime as
compared with the result obtained from the 1500 nm
excitation. Fig. 4 shows the p-PCD signal obtained from each

Mater. Adv., 2022, 3, 5034-5042 | 5037
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(100) Iny 44Ga, 54As (Sample D)

Fig. 3 The 3D (top-view) and 2D (bottom) AFM micrographs from the surface of 1 um thick (a) Ing 49Gag 51As (Sample D), (b) Ing s3Gag 47As (Sample E),
and (c) Ing53Gap.47As (Sample F) layers, demonstrating root mean square (rms) roughness of ~0.28 nm (Sample D), ~7.5 nm (Sample E), ~20 nm
(Sample F) over the 20 x 20 um? scan area. A uniformly smooth surface morphology was observed from (100) Ing 49Gag s1As than from Ing 49Gag s1As

(110) Iny 53Ga, 4,As (Sample E) (110) Ing 5;Ga, 4,As (Sample F)

layers that were grown on (110)InP substrates.
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Fig. 4

Time (ns)

(b)

(a) u-PCD data at 300 K obtained from the crystallographically oriented epitaxial (100)Ge, (110)Ge, (111)Ge layer grown on respective GaAs

substrates with intermediate AlAs buffer layer, wherein the excitation at a 1500 nm wavelength (0.826 eV) was applied from the front side of each
heterostructure and the laser power was 20 mW. The figure also shows the fits to the data (Cyan) for each PCD signal, wherein the effective carrier
lifetime was determined (Region Il) for each sample studied here. The initial PCD signal decreases sharply from 0 ns to 75 ns after excitation (Region I).
(b) p-PCD signal from the (111)Ge at two different excitation wavelengths: 1500 nm and 1800 nm (0.688 eV). The measured data has been offset for

clarity. The measured lifetime data from the (111)Ge heterostructure is lower than from either (100)Ge or (110)Ge heterostructure.

(100)Ge/AlAs, (110)Ge/AlAs, and (111)Ge/AlAs heterostructures
measured at an excitation wavelength of 1500 nm. The penetra-
tion depth at this excitation wavelength is much larger than the
thickness of each heterostructure since the absorption coeffi-
cient of Ge at this excitation is ~4 x 10° cm . Fig. 4a shows
the p-PCD signal versus the time recorded from each Ge/AlAs
heterostructure. One can find from this figure that there are
two-time scale windows, highlighted by the two shaded areas, I
and II for carrier recombination. The excess photogenerated

5038 | Mater. Adv., 2022, 3, 5034-5042

carriers’ recombination at the surface is responsible for the
initial decay process (region I). In this time window, photo-
generated carriers could start to diffuse into the bulk, but the
rate of diffusion would be significantly smaller due to the
surface recombination. This process could enhance samples
with higher surface roughness than those with smooth sur-
faces. One can find that the p-PCD signal from the region I is
almost identical to these three oriented Ge/AlAs heterostruc-
tures, which is indicative of similar surface roughness and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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similar surface trap density. If the surface trap density is higher
in (111)Ge/AlAs heterostructure than in other orientations, one
could expect a lower p-PCD signal. The small increase in p-PCD
signal from (111)Ge/AlAs heterostructure in the region I sup-
ports our conclusion of a similar or lower surface trap density.

In the time-scale window II, these excess carriers would have
diffused into the bulk of each Ge/AlAs heterostructure, and the
carrier lifetime can be extracted. These carrier lifetimes are
predominantly the bulk lifetime of carriers via Shockley-Read-
Hall (SRH) recombination, which is related to carrier trapping
impurities or defects. By fitting the measured p-PCD data (Vpcp)

to Vpep = 4 - exp(—
TPCD

(I1) for each heterostructure (Cyan color), the p-PCD lifetimes
(tpcp) were determined, ¢ is the time, where A is a pre-

), shown in the second shaded area

exponential constant. Higher carrier lifetimes of 232 ns and
258 ns, respectively, were obtained from (100)Ge/AlAs and
(110)Ge/As heterostructure. On the other hand, a lower carrier
lifetime of 81 ns was extracted from the (111)Ge/AlAs hetero-
structure, which is ~3 times lower than the carrier lifetime
from either (100)Ge or (110)Ge heterostructure, which could be
due to the higher bulk trap state density or high electrical
conductivity. In addition, the u-PCD decay signal is oscillating
starting from region II. The oscillations are apparent since this
is low signal amplitude down a couple of orders of magnitude
from the initial signal and after most of the decay has already
occurred. This oscillation could be an artifact of electronics and
cables and could be small amounts of electrical signal that get
reflected at impedance mismatches when connecting electronic
devices, such as amplifiers and rectification diodes. Irrespec-
tive of the oscillation, the carrier lifetime was lower in (111)Ge/
AlAs heterostructure compared to other-oriented Ge layers.
The carrier lifetime was further evaluated from the (111)Ge/
AlAs heterostructure at 1800 nm (0.688 eV) and compared with
1500 nm (0.826 eV) excitation wavelength. The excitation wave-
length of 1500 nm was selected for both L- and I'-valley carrier
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absorption, and the 1800 nm was used only for L-valley carrier
absorption. It was observed that the separation between the
L- and I'-valleys is ~ 120 meV. Fig. 4b shows the p-PCD signal
as a function of time from the (111)Ge/AlAs heterostructure
measured at two excitation wavelengths: 1500 nm and 1800 nm.
The fitting was performed for these two p-PCD signals and the
carrier lifetime from each excitation wavelength is indicated in
this figure. Table 1 shows the measured orientation-specific
carrier lifetime of Ge/AlAs heterostructures as determined
using the p-PCD method. The linear regression analysis was
performed for selecting the fitting ranges to extract the carrier
lifetime, where the R*> number in Table 1 defines how close the
experimental data range was fitted by a regression line (Cyan
color). A higher R* number indicates a better fit. One can find
from this figure that the carrier lifetime for (111)Ge/(111)AlAs is
near 80 ns at both excitation wavelengths, which is 3 times
lower than the carrier lifetime from either (100)Ge/AlAs or
(110)Ge/AlAs heterostructures. The higher minority carrier life-
times obtained from (100)Ge/AlAs and (110)Ge/AlAs are bene-
ficial for Ge-based nanoscale fin transistors, as shown in Fig. 1.

C Carrier lifetimes in oriented InGaAs/InP heterostructures

The p-PCD signal data as a function of time from oriented
InGaAs/InP heterostructures at room temperature are shown in
Fig. 5a and b. The excitation wavelength of 1500 nm (0.826 €eV)
was used for this measurement and the excitation laser power
was 1000 times lower on (100)InGaAs surface than on
(110)InGaAs surfaces to ensure low-level injection on
(100)InGaAs surface. The fitted data (cyan color) to the mea-
sured PCD signal yielded carrier lifetimes of 125 ps (Fig. 5b)
and 10 ns (Fig. 5a) from (100)InGaAs/InP and (110)InGaAs/InP
heterostructure, respectively. The p-PCD signal from both the
(110)InGaAs epitaxial layers (E and F) exhibited a carrier life-
time of 10 ns. The lower lifetime of 10 ns from (110)InGaAs
epitaxial layer is due to the facet-dependent growth on the
(110)InP substrate, as shown in Fig. 3. The facet-dependent
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(a) u-PCD data at 300 K obtained from the oriented (100)Ing 49Gag 51As, (110)INg 53Gag 47As_D and (110)Ing 53Gag 47As_E (faceted)/InP hetero-

structures with same 1.0 pm thicknesses, wherein the excitation at a 1500 nm wavelength was applied from the front side of each heterostructure. The
excitation laser power on the (100)InGaAs was 1000x lower than (110)InGaAs layers. The figure also shows the fits to the data (Cyan) for each p-PCD
signal, where the effective carrier lifetime was determined for each sample. (b) The carrier lifetime of 125 ps was determined from (100)Ing 49Gag s1As/INP
heterostructure, and the carrier lifetime of 10 ns was extracted from both (110)Ing 53Gag 47As/INP heterostructures.
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growth was observed earlier from the (110)InGaAs surface,”**™*"
and now displayed a lower carrier lifetime. One can find from Fig. 5a
that the carrier recombination is solely dominant from the surface
before the signal is diffused into the bulk of each (110)InGaAs layer.
One can passivate these (110)InGaAs surfaces via atomic layer
deposited dielectrics, such as AL O3, to reduce carrier recombination
at the surface and allow carriers to diffuse into the bulk of the
material and hence increase the carrier lifetime.**>>>°

Conclusions

The orientation-specific carrier lifetimes in epitaxial Ge/AlAs
and InGaAs/InP heterostructures were evaluated using the
contactless microwave photoconductivity decay technique
using a 1500 nm excitation source incident on the front (top)
side of each heterostructure. A vacuum-interconnected dual-
chamber, solid source molecular beam epitaxy deposition
system with added in situ surface analysis capability was used
for oriented Ge/AlAs and InGaAs/InP materials synthesis. High
carrier lifetimes of more than 200 ns were measured at room
temperature for the (100)Ge/AlAs and (110)Ge/AlAs heterostruc-
tures, and 3 times lower carrier lifetime from (111)Ge/AlAs
heterostructure than (100)Ge and (110)Ge. The carrier lifetimes
of 125 ps and 10 ns from the (100)InGaAs/InP and the
(110)InGaAs/InP heterostructure, respectively, were deter-
mined. A reduction of carrier lifetime in (111)Ge and
(110)InGaAs layers could be related to higher bulk trap state
density or high electrical conductivity, and facet-dependent
growth of these layers, respectively. A surface passivating layer
is essential for these oriented epitaxial layers to improve the
carrier lifetime, which has been reported by several researchers.
The higher carrier lifetimes from (100)Ge and (110)Ge demon-
strated the suitability of the Ge fin transistor and optoelectronic
devices based on the (100)InGaAs layer.
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