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Minority carrier diffusion lengths and lifetimes were determined for p-type Ga;_x)InsAs with an
In-content of 0 <x <0.53 by cathodoluminescence and time-resolved photoluminescence measure-
ments respectively under low injection conditions; the resulting minority carrier mobilities are also
reported. Highly p-doped samples (3 x 10'® cm ™) demonstrate a constant minority carrier diffu-
sion length of (5.0 = 0.7) um and a constant lifetime of (3.7 = 0.7) ns for an In-content up to 21%.
Lower doped samples (3 x 10'” cm ™), on the other hand, show an increase in minority carrier dif-
fusion length and lifetime with In-content from (6.3 = 0.2) um and (6.2 = 0.5) ns respectively for
GaAs to (14 £2) um and (24.4 = 0.5) ns respectively for Gag 79Ing»;As. Increasing the In-content
to 53% results in a drop in the minority carrier diffusion length independently of the p-doping con-
centration .This is interpreted as a change in the energy of the Shockley-Read-Hall trap levels
within the bandgap as a function of indium concentration. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.5002630]

I. INTRODUCTION

The ternary alloy Ga(;_x)InsAs is an interesting material
for minority carrier devices like high efficiency solar cells,
photodetectors, and infrared lasers. This is due to the wide
band of absorption and emission made possible by varying
the composition of Ga(;.y)InAs in the range of 0 <x <0.53
which covers a bandgap range from 1.42 down to 0.74eV.’
The material can be grown lattice-mismatched on GaAs
using metamorphic buffer structures or lattice-matched to
InP for a composition of Gag 47Ing s3As.

Minority carrier diffusion length, lifetime and mobility
are the most crucial parameters for electrical simulation and
design of minority carrier devices. The diffusion lengths of
Ga(;_x)In,As lattice matched to GaAs and InP*° and also the
lifetime of minority carriers”® have both been studied exten-
sively. These have been found to depend on several factors,
including the band structure of the material, the crystal and
chemical purity, as well as alloy scattering, doping, and the
overall injection level. However, there exists little knowl-
edge in the literature concerning the electrical properties of
metamorphic GalnAs compounds, including minority carrier
lifetime, mobility and diffusion length, considering the
importance of this information for device modelling and
optimization of the next generation devices.

Ga(xIncAs is a direct semiconductor and its diffusion
length can therefore be on the order of micrometers.” There
are several methods commonly adopted to determine such
short diffusion lengths. Cross sectional electron beam induced
current (EBIC) measurements are commonly performed.'®
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However, the effects of surface recombination and electric
fields must be properly considered in extracting solely the bulk
contribution. Furthermore, EBIC measurements require several
processing steps to create either a shallow pn-junction or a
Schottky contact. Alternatively, there are two methods to
determine the diffusion length of a double hetero (DH-) struc-
ture by cathodoluminescence (CL). The first method, transport
imaging, requires a 2D-CCD array attached to a scanning elec-
tron microscope (SEM).'! The other method was described by
Sercel et al.,12 which has several advantages over the former,
including (i) simple sample preparation, (ii) no contacting of
the sample for measurements, (iii) no field and surface effects
and therefore an easy interpretation of results, and (iv) no 2D-
CCD camera required for spatial resolution.

The minority carrier lifetime of a direct bandgap semi-
conductor is typically on the nanosecond scale for the doping
concentrations investigated. Time-resolved photolumines-
cence is the preferred method and is adopted in this study.
Knowing the diffusion length and the lifetime of the minority
carriers enables the calculation of the minority carrier mobil-
ity at room temperature using L = v/t D, where 7 is the life-
time and D is the diffusion coefficient which is related to the
mobility via the Einstein relation D = kg T/q.

The present paper is outlined as follows. Section II pro-
vides details concerning the samples, the processing, and the
measurement setups. Section III then summarizes the mea-
surement results, including discussion and analysis. Finally,
Sec. IV provides a conclusion of the present study.

Il. EXPERIMENTAL
A. Samples

Two sets of GaIngAs DH-structures were grown in
a MOVPE-system (Aixtron AIX2800-G4-TM), with TMAI,

Published by AIP Publishing.
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TMGa, TMIn, DMZn, and AsH3 as precursors. One set has a
lower Zn-doping (2.5 x 10'” ¢cm™?) and another one has a
higher Zn-doping (2.5 x 10"® cm™?). Each set consists of
8 samples with an In-content ranging between x=0 and
x = 0.53. There are three different types of samples [labelled
()—(ii)] in each set shown in Table I. The first type (i)
includes GaAs test layers lattice matched (LM) to GaAs. In
the second type (ii), the In composition is increased up to
x =0.21 within 5 samples (x =0.05, 0.07, 0.12, 0.16, 0.21). In
this set, the samples are grown on top of a step-graded meta-
morphic (MM) buffer described elsewhere.'® Finally, the third
type of samples (iii) has an In composition of x =0.53 which
is LM to InP. All samples include Al,Ga.In,As barriers
on both sides of the GalnAs test layers with the same lattice
constant. For the (i) and (ii) samples, the epitaxy was per-
formed on GaAs wafers with a 6° offcut towards (111) B,
whereas InP wafers with an offcut of 2° towards (111) B were
used for type (iii) samples.

After epitaxial growth, a shading pad of aluminum (Al)
[or silver (Ag)] with a thickness of 100nm [or 200 nm,
respectively] is evaporated onto the parts of the sample, lead-
ing to a shadow mask with a sharp edge. The extracted diffu-
sion length does not show dependence on the type of metal
or on the metal pad thickness. The extraction method is
explained later.

B. Time resolved photoluminescence setup
and measurement procedure

The effective minority carrier lifetime was measured by
the method of time-resolved photoluminescence. The DH-
structures were excited by pulsed laser light employing a
640 nm diode laser (PicoQuant). The decay of the radiative
band-to-band recombination was measured by a single pho-
ton counting avalanche photodiode (id Quantique), or, for
photon energies below 1.37¢eV, by an InGaAs photomulti-
plier tube (Hamamatsu H10330A-75), fed into a time-
correlated single photon counting unit (PicoHarp 300). The
excitation density was calculated from the effective excitation
volume, the repetition rate of the laser and the laser power
measured by a photodiode at the position of the sample. The
overall time resolution given by the width of the system
response function was on the order of 150 ps in the case of
detection by the avalanche photodiode, increasing to 500 ps
when using the photomultiplier tube. The photoluminescence
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signal was measured from each sample for several excess car-
rier densities between 10'%cm ™ and 10" cm ™2, respectively.
The effective lifetime was extracted from the measured decay
by fitting an exponential decay function. However, the excess
carrier density is not constant during a single TR-PL mea-
surement. Therefore, the lifetime extracted from the PL signal
is only valid if it is constant within the measured range of
excess carrier density. For the samples discussed, this is
achieved for low excess carrier densities of An < 103 cm73,
since both the radiative and SRH lifetimes are constant as An
is negligible compared to the doping density N and since
the SRH process is dominated by the captures of minority
carriers.

C. Cathodoluminescence setup and measurement
procedure

The CL-signal was measured in an electron microscope
(Hitachi, SU 70) featuring an integrated commercially avail-
able CL-setup (Gatan, MonoCL3). Excitation by the electron
beam is done in a spatially resolved manner. Panchromatic
detection over the whole sample was performed without spa-
tial resolution. The electron beam is moved perpendicular to
the metal edge while the CL signal intensity is measured by
either a GaAs photo-multiplier tube (Hamamatsu, R374) for
GaAs test layers or an extended GalnAs diode (Hamamatsu,
G7754-01) for ternary Ga;.x)InAs test layers. Figure 1 (left)
illustrates a schematic of the sample structure, the electron
beam and the metal edge.

The excitation volume of minority carriers inside the
sample is simulated with CASINO,14 a Monte Carlo simula-
tion based software. The xz-plane of a 10kV electron beam
is shown in Fig. 1 (right), where the simulated lateral full-
width at half-maximum is less than 200 nm. For diffusion
lengths longer than 1 um, the measured diffusion length is
not significantly influenced by the excitation volume and can
therefore be neglected.

The CL signal is integrated over at least 2ms for each
data point. This is several orders of magnitude longer than
the expected minority carrier lifetime in GaAs of about
10ns."'>'® The measurement result can therefore be assumed
to be time-independent. Solving the continuity equation, the
decline of the CL signal C(A, Lp), moving the electron beam
from the metal edge to the metal, is an exponential decay
and expressed as'?

TABLE 1. Layer sequences of the three types of DH-test-structures. “LM” stands for lattice matched on (i) GaAs and (iii) on InP, whereas “MM” stands for
metamorphic GalnAs with an In-content of 0 <x <0.21 grown on different metamorphic GalnAs buffer structures on GaAs wafers (ii). Barriers and test layers
are p-type with a doping concentration between 1 x 10'” and 2.5 x 18 cm ™, except for the cap layer which was not intentionally doped (nid). Structure (i) has
a 9x Gag golng 40P(50 nm)-Gag g5Ing 15As (33 nm) strain balanced absorber structure between the lower barrier and the substrate to suppress photon coupling

between the test layer and the substrate.

LM on GaAs (i) MM on GaAs (ii) LM on InP (iii) Thickness (nm) Zn-Doping (em™%)
Cap GaAs GaAs 10 nid
Barrier Aly70Gag 30As Alg 50Ga 50-y)InAs Alg 47Ing 53As 50 10"
Test layer GaAs Ga(jxInAs Gag 47Ing 53As 1000 2.5x 10725 x 10"
Barrier A10,70Ga0‘30As A10,50Ga(0'50,y)lnxAs A10447Iﬂ0.53AS 100 1017
9% Gag golng.40P-Gag gslng 15AS Metamorphic GalnAs Buffer nid
Substrate GaAs (si) Virtual Substrate InP
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FIG. 1. Left: Sketch of the measurement method. The electron beam is focused onto the metal at a distance A from the metal edge. Electron energy is partially
absorbed in the metal layer (compare figure on the right), but most of the energy is deposited on the Ga(,)In,As test layer by creating electron-hole pairs. The
detector integrates the cathodoluminescence signal emitted by minority carriers which have diffused from the point of excitation to a position not shaded by
the metal. The CL signal is measured as a function of distance A without spatial resolution. Right: Energy distribution in an xz-plane for a 10kV electron beam
in the test structure. The area in which 75% (95%) of the energy in the plane is deposited is marked (black line).

C(A,Lp) = coe ", (1)

where c( is a normalization constant, L is the minority car-
rier diffusion length, and A is the distance between the elec-
tron beam and the metal edge.

All samples were characterized at room temperature
using an electron beam of 150 pA with an acceleration volt-
age of 10kV. Since the excess carrier density is not constant
in the area from which the signal is integrated, an excitation
beam resulting in low injection is necessary, since this is a
measurement regime where the diffusion length is not depen-
dent on excess carrier density. The excess carrier density
injected into the test layer can be calculated assuming a point
excitation and constant excess carrier density as a function
of depth (since the diffusion length is significantly longer
than the sample thickness). It decreases with the distance to
the electron beam. The starting point of the exponential fit to
calculate the diffusion length was set at a distance of 0.5 um
between the electron beam and the metal edge. Therefore,
the excess carrier density at this distance is calculated in the
following.

The simulation of the electron beam [see Fig. 1 (right)]
indicates that 29% of the electrons are reflected at the surface
and 44% of the electron beam energy is deposited on the test
layer. For the sample thickness, measured lifetime and diffu-
sion length from the exponential fit, and assuming that the
generation of an electron-hole pair in GaAs requires an energy
of 4.6 eV,l7’18 one can solve the diffusion equation in 2D,
which leads to a Bessel function and determine the excess car-
rier density to be below 10'*cm 2. This satisfies the low
injection criteria, since the injected carrier density is very
small compared to the doping level (>2.5 x 10" cm ™) for all
the test structures.

Each sample is measured at a minimum of three positions
on a quarter piece of a 4” wafer. One measurement consists of
2561ine scans over approximately 60 um distance along the

metal edge. As an example, a line scan is shown in Fig. 2.
The error in the extracted diffusion length is calculated using
the standard deviation over all line scans. In addition, the dop-
ing level was measured for each sample by electrochemical
capacitance-voltage (ECV) profiling to ensure that the lumi-
nescence intensity is not influenced by a variation in doping.

Test layer thicknesses between 200 and 2000 nm did not
show any measurable effect on the diffusion length. This
was tested for both, GaAs and Gag47Ing 53As samples, and
was confirmed that interface recombination is not significant.
In fact, the diffusion length of minority carriers in our sam-
ples is dominated by the specific material properties of the
bulk test layer.

- § T T T T T
GaAs-Sample E
— C + Measurement ]
5 r Exponential Fit | 1
)
=
>,10 E E
+~ F ]
2l C ]
o L ]
Q
+ o 4
£
—10% k E
o E B
C C ]
o) C ]
()
1
U 107
Test Layer
T T
0 10 20 30 40 50

Distance To Edge A [ pm]

FIG. 2. Measured CL signal intensity (crosses) as a function of the distance
between the electron beam and the metal edge. The measurement was per-
formed on a GaAs sample and the dataset was fit to Eq. (1) shown as the red
solid line.
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All metamorphic test layers were grown fully unstrained
on buffer structures, as verified by high resolution XRD
reciprocal space maps. As a result, no misfit dislocations are
visible in the CL images from the test layers, since they are
confined to the metamorphic buffer below the test layer
which does not contribute to the CL signal. However, thread-
ing dislocations are detected in the test layer, originating
from the growth of the metamorphic buffer structure. The
measured threading dislocation density (TDD) increases with
lattice mismatch and therefore with In-content. The highest
TDD of 8 x 10° cm ™2 was measured for the Gag79lng 21 As
test layer with the highest lattice mismatch to GaAs (see Fig.
3). The exponential decline of the CL signal as a function of
the distance from the metal edge is not significantly influ-
enced for TDDs in the 10° cm ™2 range. A single line scan of
the CL signal which scans in the vicinity of a threading dislo-
cation will show anomalous signal decay, but averaging 256
lines removes such anomalous results. This is confirmed by
the consistency of many measurements at different positions
of the same sample. However, it is still important to monitor
the density of dislocations in each test sample because the
combination of high TDD and long diffusion length increases
the uncertainty and local fluctuations appear between mea-
surement results.

lll. RESULTS AND DISCUSSION

Figure 4 shows the diffusion length, extracted from the
CL decay of various Ga(xIn,As samples, as a function of
the In-content and for two p-doping levels, 2.5 x 10'” and
2.5x 10" cm™>. An increase in uncertainty with increasing
lattice mismatch to GaAs is visible in Fig. 4, which is due to
the increasing impact of the threading dislocations on the
measurement and the associated fitting.

A clear trend is observed for the two sets of Ga(;_x)InAs
structures with different p-doping levels. The diffusion length

FIG. 3. Plain view CL image of the Gag79Ing,;As sample without metal
layers for the determination of the threading dislocation density (TDD).
Dark areas show threading dislocations (TD). The TDD was determined to
be 8 x 10° cm ™2 for this sample.

J. Appl. Phys. 122, 115702 (2017)
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FIG. 4. Minority carrier diffusion lengths in Ga(;_y)IncAs for x ranging from
0 to 0.53 for two p-doping concentrations. For samples with a p-doping con-
centration of (2.5 = 0.5) x 10" cm ™ (red squares) and a doping concentra-
tion of (2.5 + 0.5) x 10'7 cm 2 (blue triangles).

of all samples with the higher p-doping of (2.5 + 0.5) x 10"
cm™ is in the range of 4-5 um and is nearly constant over In-
content between 0 and 21%, dropping only to 2 um for the
Gag 47Ing 53As sample with a significantly higher In-content of
53%. Samples with the lower p-doping of (2.5 = 0.5) x 10"/
cm™ show a linear increase in diffusion length from 6 to
14 pm for an In-content increasing from O to 21%. However,
the Gag47Inys3As sample with the highest In-content has
again a shorter diffusion length of 7 um. The measured diffu-
sion lengths are in good agreement with the values reported in
the literature for GaAs* and Gag 47Ing s3As.>° In order to gain
insight into these trends, one must investigate the nature of
these diffusion lengths. This increase in diffusion length can
be a result of an increase in lifetime, an increase in mobility,
or both.

The minority carrier lifetime is investigated via TR-PL,
with the results illustrated in Fig. 5. The lifetime is nearly
constant with In-content for the samples with the higher
p-doping concentration (2.5 x 10'® cm™?). However, the life-
time in the samples with the lower p-doping concentration
(2.5%x 107 em™) is increasing with In-content. This obser-
vation supports the measured increase in the diffusion length
from Fig. 4.

Prior to discussing the lifetime results, the minority car-
rier mobility is calculated using Eq. (2). The results are shown
in Fig. 6. Both sets of samples show constant minority carrier
mobility with In-content within the measurement uncertainty.
A minority carrier mobility of (3800 = 800) cm?/Vs is mea-
sured for the lower doped samples, and a slightly lower
minority carrier mobility of (2300 * 600) cm?/Vs is measured
for the higher doped samples. The measured minority carrier
mobility in GaAs is in good agreement with the measured
ones by Ito er al."® With respect to the ternary alloy, there is
no published data for the mobility of minority carriers to our
knowledge. However, the majority Hall electron mobility can
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FIG. 5. Minority carrier lifetime in Ga;_IngAs DH-structures determined
from TR-PL measurements (filled symbols) and calculated radiative lifetime
(open symbols) at low injection for two p-doping concentrations in the test
layer: (2.5 *0.5) x 107 cm ™2 (blue triangles) and (2.5 * 0.5) x 10'® cm ™3
(red squares).

be used as an initial guess. For Ga(_xIn,As, it is simulated
using the model from Chattopadhyay et al.*® for an n-doping
concentration of n=2.3x 10" cm™. The electron Hall
mobility remains nearly constant at (4500 + 200) x 10° cm”
V's™! as a function of In-content due to alloy scattering,
and increasing beyond x =0.20 up to 6000cm? V~'s™'
This supports the measured constant mobility with In-content
in the range of 0<x<0.2 for the two p-doping levels
reported here.

The explanation for an increase in diffusion length is
therefore the measured increase in lifetime. There are three
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FIG. 6. Minority carrier mobility of GalnAs for two p-doping concentrations
in the test layer: (2.5 *0.5) x 10" cm ™ (blue triangles) and (2.5 *=0.5)
% 10" em ™ (red squares). Values are calculated from TR-PL lifetimes and
CL diffusion lengths at low injection.
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recombination mechanisms which dictate the measured life-
time: radiative (t,,4), Shockley-Read-Hall (tggy) and Auger
(Taug), where the effective lifetime 7,4 can be calculated as

1 1 1 1
ottt @)
Teff  TSRH  Trad  TAug

Since the Auger coefficient for GaAs has been measured to
be (7*x4)x 1073 ecm® 572! and the Auger coefficient for
Gag47Ing s3As has been calculated to be 4 x 107° cm®
s~'?% the Auger recombination can be deemed negligible
compared to the radiative recombination for doping levels
below 10" cm ™2 and low injection measurement conditions.
This is the case for both sets of samples. The remaining life-
times which are expected to dominate under low level injec-
tion are thus radiative and SRH.

The radiative recombination lifetime at low injection is
inversely proportional to the product of the doping and the
radiative recombination coefficient B4 as t,qq = 1/[(1 — f)
BqaN ],23 where f is the photon recycling factor. This photon
recycling factor accounts for the re-absorption of photons
emitted in the test layer, which results in a longer observed
lifetime; this factor depends primarily on the test layer thick-
ness. Since the layer thicknesses are kept constant for all sam-
ples, we can assume little variation in f between all samples.

The radiative recombination coefficient for GaAs has
been calculated®* and measured?’ to be about 2 x 10~'° cm?
s~ ! at room temperature. The radiative recombination coeffi-
cient of Gag47Inys3As has also been measured to be about
1.4 x 107" cm? s_l,7 which implies that the coefficient does
not change significantly over this range of In-content, unless
strong bowing occurs. To explore this possibility further, the
calculation of B,,; based on measured photon absorption
data for Gag7Ing ;9As was conducted following the proce-
dure described in Ref. 15 for a metamorphic Gagy7Ing j9As
solar cell presented in Ref. 25. The result is a B,,; of 1.0
x 107'% cm? s, which supports the hypothesis that the B,y
and therefore the radiative lifetime remain constant with In-
concentration. Assuming a constant B,,; of (2 £ 1) x 10710
cm?/s with In-content and a photon recycling factor of 0.66
as in 1 um thick GaAs samples®® and measuring the doping
concentration via ECV, the radiative lifetime is estimated
for all samples and is shown in Fig. 5 as open symbols.
With respect to the higher doped samples, the radiative life-
time is estimated to be 6 = 3 ns for these samples. This is
just slightly longer than the measured effective lifetimes of
3.5*0.7ns and well within the measurement uncertainty
shown in Fig. 5. Thus, the higher doped samples are domi-
nated by radiative recombination.

Finally, the Shockley-Read-Hall (SRH) recombination
lifetime must be considered as a function of In-content.
Since SRH recombination is trap-assisted, it thus depends on
the trap concentration in the crystal, its energetic position
with respect to the valence band, and the capture cross-
section for electrons and holes. The traps can be either intrin-
sic bulk defects or introduced by dopants. Bulk defects have
been previously shown to limit the lifetime in the range of
low doping (<10"® cm~?).?” At higher doping levels, the trap
concentration may depend on the dopant type and
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concentration as well as growth conditions in the reactor,
including temperature, growth rate, III/V ratio, etc.

The traps which are most efficient in recombining both
carrier types lie close to the middle of the bandgap. By chang-
ing the material composition of Ga.yInsAs, the bandgap
changes and thus the position of the defects within the
bandgap can be expected to change as well. A possible expla-
nation for the observed increase in diffusion length with In-
content for the lower doped samples (see Fig. 4), considering
the radiative lifetime is constant and an increase in lifetime is
measured (see Fig. 5), is a shift of the energy levels of bulk
defects away from the middle of the bandgap, resulting in an
increased SRH lifetime as a function of In-content. However,
this is yet to be confirmed, and further investigations are
required using deep-level transient spectroscopy for example.

IV. CONCLUSIONS

The minority carrier diffusion length, lifetime and mobil-
ity of p-type Ga,_In,As were investigated in the composition
range between x =0 and x =0.53 for test structures with two
different Zn doping levels of 2.5 x 10" cm™ and 2.5 x 10'®
cm . This analysis was performed for various metamorphic
Ga(j_xInsAs compositions which were grown fully relaxed
on buffer structures on GaAs. This opens a source of impor-
tant minority carrier transport properties for the ternary alloy
which were previously inaccessible. The minority carrier
diffusion length was determined by fitting the measured lumi-
nescence of double-hetero structures using an electron micro-
scope. It was shown that a threading dislocation density of up
to 8 x 10° cm™ 2 in the metamorphic layers does not signifi-
cantly influence the measured diffusion length for the given
samples and the measurement method. For samples with a p-
doping level of 2.5 x 10" cm™, the diffusion length was
found to first increase with In-content from (6.3 = 0.2) um
for GaAs to (14 = 2) um for Gag 79Ing»1As and subsequently
drop to (4.7 =0.2) um for Gag47Ings3As. Samples with a
higher p-doping level of (2.5 x 10'® cm™) did not show a sig-
nificant dependence of the minority carrier diffusion length
on the In-content, with a diffusion length constant in the
range of (5.0 = 0.7) um.

The minority carrier lifetimes for the same samples were
determined using time-resolved photoluminescence under
low injection conditions. Lifetimes increased both signifi-
cantly and monotonically for the samples with the lower
p-doping concentration of 2.5 x 10’7 cm™> from (6.2 *+ 0.5)
ns for x =0 to (24.4 £ 0.5) ns for x=0.21. For the samples
with a p-doping of 2.5 x 10"® cm™, a constant lifetime of
(3.7 = 0.7) ns was measured.

Combining the measured diffusion length with the mea-
sured lifetime yielded the minority carrier mobility, which
was found to be constant with In-content, but showed a depen-
dence on doping, as expected. The observed increase in diffu-
sion length is then a result of the increased lifetime, for which
SRH recombination lifetime is identified as the explanation.
The leading hypothesis is that the traps with the highest cap-
ture cross-section are situated further from the middle of the
bandgap as the In-content is increased. However, these must
become more efficient for Gag47Ing s3As lattice matched to

J. Appl. Phys. 122, 115702 (2017)

InP, since the diffusion length decreases considerably at this
composition.
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