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The defect properties of InGaAsN dilute nitrides grown as sub-monolayer digital alloys (SDAs) by
molecular beam epitaxy for photovoltaic application were studied by space charge capacitance
spectroscopy. Alloys of i-InGaAsN (E, = 1.03eV) were lattice-matched grown on GaAs wafers as
a superlattice of InAs/GaAsN with one monolayer of InAs (<0.5nm) between wide GaAsN
(7-12nm) layers as active layers in single-junction solar cells. Low p-type background doping was
demonstrated at room temperature in samples with InGaAsN layers 900nm and 1200 nm thick
(less 1 x 10" cm ™). According to admittance spectroscopy and deep-level transient spectroscopy
measurements, the SDA approach leads to defect-free growth up to a thickness of 900 nm. An
increase in thickness to 1200 nm leads to the formation of non-radiative recombination centers with
an activation energy of 0.5eV (Ny=8.4 x 10" cm ) and a shallow defect level at 0.20eV. The last
one leads to the appearance of additional doping, but its concentration is low (N7 =5 x 10'*cm ™

so it does not affect the photoelectric properties. However, further increase in thickness to
1600 nm, leads to significant growth of its concentration to (3-5) x 10° cm 3 , while the concentra-
tion of deep levels becomes 1.3 x 10'3 cm . Therefore, additional free charge carriers appearing
due to ionization of the shallow level change the band diagram from p-i-n to p-n junction at room
temperature. It leads to a drop of the external quantum efficiency due to the effect of pulling elec-
tric field decrease in the p-n junction and an increased number of non-radiative recombination

centers that negatively impact lifetimes in InGaAsN. Published by AIP Publishing.

https://doi.org/10.1063/1.5011371

I. INTRODUCTION

III-V compounds are very attractive in several applica-
tions, one of the most important being solar cells (SCs).
Indeed, nowadays, multi-junction solar cells (MJSCs) based on
II-V compounds have the highest efficiency and have almost
reached the psychological barrier of 50% for concentrator
photovoltaics.! The record values are obtained for bonded”
and inverted’ MJSC based on GalnP and GaAs compounds.
However, these methods are complicated to transfer to industry
so monolithic* MJSCs are still of great interest. Initially, p-n
junctions in germanium (0.67eV) wafers were used for the
growth of monolithic triple-junction SCs in combination with
GalnP(1.85eV)/GaAs(1.42eV).” According to simulations
substituting the germanium subcell with a subcell with E,
=1eV could increase the triple-junction SC efficiency by a
few percent, and adding such a subcell to a classical triple-
junction would allow one to reach 52% under concentrator
illumination.®’ Addition of a small nitrogen content, leads to a
reduction of the bandgap of GaAsN ternary alloys by hundreds
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of meV.® Additional content of indium allows one to grow
Ga_In,NyAs,, with E,=1eV lattice-matched to GaAs.
Though promising results were achieved using InGaAsNSb
layers”™'? in the last years, MJSC performance is limited by
the low lifetime of charge carriers in dilute nitrides.'® Tt is
explained by the defect formation due to the low growth tem-
perature, nitrogen incorporation, and unintentional incorpora-
tion of different atoms (for example, carbon and hydrogen in
vapor phase epitaxy'®). Therefore, equipment of molecular
beam epitaxy (MBE) with a RF-plasma nitrogen source is
more preferable for the growth of InGaAsN. However, even
when grown by MBE, InGaAsN layers have high concentra-
tions of background doping, up to 1x 107 cm ™" and of
non-radiative recombination centers. Post-growth annealing
improves the quality of InGaAsN dilute nitrides.'®™"® Also,
antimony addition inhibits the defect formation and reduces
the background doping concentration.'”* However, accord-
ing to the technological experience of previous growth pro-
cesses, antimony (Sb) can accumulate on the chamber surface
leading to undesirable background doping of layers in top
subcells.

In the present work, the novel growth method of
InGaAsN dilute nitrides by MBE without the addition of Sb

Published by AIP Publishing.
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atoms is proposed to avoid the problems described above. It
consists of using nanoheterostructures of an original design
based on the InAs/GaAsN superlattice (SL), where several
InAs monolayers (MLs) are separated by wide GaAsN bar-
riers.”? This technology allows to grow of InGaAsN alloys
with separated fluxes of indium and nitrogen. Thus, thin InAs
layers of a few monolayers compensate the elastic stresses
arising during the growth of GaAsN on the GaAs wafer due to
lattice-mismatch. The semiconductor compound grown by the
described method is called a sub-monolayer digital alloy
(SDA). The method was successfully applied for the growth
of III-V**~® and II-VI*"*® compounds by MBE.

In the current work, we present data on defects detected
in SDA InGaAsN grown by MBE on GaAs wafers, in rela-
tion with the layer thickness and with single-junction SC
properties. The grown photovoltaic structures are investi-
gated by various capacitive techniques such as capacitance-
voltage measurements (C-V), admittance spectroscopy (AS),
and deep-level transient spectroscopy (DLTS). These experi-
ments provide information on defect formation in these com-
pounds during the growth process. The results are correlated
to photoluminescence (PL) and X-ray diffraction measure-
ments. In the future, it will help optimizing the growth con-
ditions for dilute nitrides, which will be used as active layers
in subcells of high-efficiency MJSCs.

Il. EXPERIMENTS AND METHODS

Single-junction SC based on p-i-n heterostructures were
grown by MBE using Veeco Genlll equipment with an RF-
plasma source of nitrogen. They consist of three samples
with a bottom n-type GaAs layer (200 nm thick, doping den-
sity of 3 x 10" cm ™) first grown onto (100) n-type GaAs
wafers, followed by the growth of undoped (i) InAs/GaAsN
SL with different thicknesses of the active i-layer (900 nm,
1200 nm, and 1600 nm). Practically, the InAs/GaAsN SL is
obtained by the growth of ternary GaAsN, 7-12nm thick,
followed by the growth of binary InAs, 0.2-0.5nm thick
(1 ML), and repeated in order to reach the targeted thickness.
The top p-type layer is made of a 200 nm thick GaAs layer
with a doping density of 1x10”cm™>. The schematic
cross-section of the samples is presented in Fig. 1. Beryllium
and silicon were used for doping of the p- and n-layers in the
structures, respectively. The growth process of the explored
structures with layers of InAs/GaAsN grown by the SDA
method is described in more detail elsewhere.”® All samples
were grown without any antireflection coating. Contacts
were fabricated using photolithography and vacuum evapo-
ration of metals. Au/Ge was used for the n-type bottom con-
tact and Au/Zn was used for the p-type top contact. The
ohmic behavior of the current-voltage characteristics for
contacts was obtained after rapid thermal annealing using a
JIPelec JetFirst 100 equipment. For photoelectric measure-
ments, the top contact consisted in a grid, while for capaci-
tance measurements, circular contacts with diameters of 0.5
and 1 mm were used on the front side; then, mesa-structures
were formed by wet etching down to the wafer.

Various space charge capacitance methods were used to
analyze the electronic properties of active layers grown by the

J. Appl. Phys. 123, 161418 (2018)
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FIG. 1. Schematic view of the p-i-n structures with i-InAs/GaAsN active
layers.

SDA method. First, the C-V characteristics were measured
to define the level of doping in the layers at a frequency of
1 MHz. AS measurement was used to study the defect proper-
ties (activation energy E, and capture cross section ¢) in the
layers of dilute nitrides.’ Moreover, the standard DLTS*
method was used to get more information about the detected
defects. All capacitance measurements were performed in a
liquid nitrogen vacuum cryostat in the temperature range from
77 to 400K. The AS measurements were carried out using an
RLC-meter in the frequency range from 20 Hz to 1 MHz and
with a test voltage amplitude of S0mV. C-V and DLTS mea-
surements were performed using a Boonton-7200 capacitance
bridge at a frequency of 1 MHz and with a test voltage ampli-
tude of 100mV. The AFORS-HET 2.5 software®' was used
for numerical simulation of SC. It allows one to calculate the
capacitance and photoelectrical characteristics of the SC in the
one-dimensional case.*”

Samples were also characterized from photoluminescence
and X-ray diffraction measurements. The energy bandgap
of the active layers determined by photoluminescence was
found to be 1.03 eV. Diffraction rocking curves were obtained
using a DRON-8 X-ray diffractometer with a BSV 29 highly
focused X-ray tube. The anode material was copper with Kol
radiation (4 = 1.5405 A). The rocking curves were obtained in
the 0-20 mode of scanning. The photoluminescence spectra
(PL) were measured using an instrument from Accent RPM
Sigma (Accent Optical Technologies) with a semiconductor
laser (4 =778 nm) as the pumping source and at the tempera-
ture of 300 K.

Finally, the external quantum efficiency was measured
at a temperature of 25 °C to study the photoelectrical proper-
ties of the structures.

lll. RESULTS AND DISCUSSION
A. Quasi steady-state capacitance measurements

The C-V dependence was measured at reverse bias in
the interval [—1V, 0 V] at 1 MHz and at 300K for the three
InGaAsN samples. The high frequency is chosen due to the
requirement to measure only the space charge region (SCR)
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capacitance and to suppress the response of potential deep
defects.

The capacitance of the sample with 900nm thick
InGaAsN was found independent of the applied voltage,
meaning that the effective width of the space charge region
dey, probed by the capacitance measurement, defined as
dey=¢/C, with & being the dielectric permittivity, is equal to
the i-layer thickness. So, the i-layer is fully depleted in the
900 nm thick InGaAsN sample. As can be seen in Fig. 2(a),
for the 1200 nm thick InGaAsN sample, the capacitance also
tends to become constant at reverse bias, and only a very small
increase is observed towards 0 V. We note that a capacitance
of 10 nF/cm? corresponds to a value of de of 1.15 um if we
take the permittivity e =1.15 x 10"">F cm ™' of GaAs, which
is indeed close to the thickness of the i-InGaAsN layer. This
indicates that there is no strong unintentional or residual dop-
ing in the i-layer of both 900 nm and 1200 nm thick samples.
The small bias dependence on the 1200 nm thick sample does
not allow us to determine the unintentional/residual doping
concentration reliably from a Mott-Schottky plot. To estimate
the doping concentration, we have performed electrical model-
ing of the sample with 1200nm thick InGaAsN in order to
simulate the C-V curves. From the simulated C-V curves with
varying doping concentration (p-type, see below) [Fig. 2(a)],
we can deduce that the doping concentration should be less
than 1.0 x 10" cm . For the 1.6 um thick InGaAsN sample,
however, the capacitance is bias dependent. The experimental
Mott-Schottky plot for this structure shown in Fig. 2(b) exhib-
its a linear behavior of 1/C* as a function of the applied volt-
age, as expected in the depletion regime of a p-n junction.
According to the slope, the effective doping concentration
value is estimated at 5.0 x 10" cm ™~ at 300 K. Note that such
a doping concentration value would have been detected even
in the sample with the thinnest i-layer since the depletion
capacitance would have been much larger than the geometrical
capacitance because the effective space charge layer thickness
would have been significantly smaller than 900 nm. In conclu-
sion of the C-V measurements at room temperature, the sam-
ple with a 1600 nm thick i-layer exhibits significant higher

20 r r T T
® experiment (@)
—>5e14
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I R 215 | -
O15L| Qa4 | T
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effective background doping than the samples with thinner
i-layers. We also performed C-V measurements at 77K and
found that the dependence of the capacitance on applied volt-
age was much less pronounced, indicating that deep defects
also contribute to the effective doping at 300 K. From com-
puter simulations that will be presented below, it is found that
this background doping is of acceptor type. It is worth noting
that a p-type background doping is typical for i-layers of dilute
nitrides (In)GaAsN grown by MBE.'*'* Usually, it is associ-
ated with non-equilibrium growth conditions at low tempera-
tures that lead to the formation of gallium vacancies and
nitrogen-related defects of acceptor type in dilute nitrides but
a complete description and explanation of background doping
in InGaAsN layers should be investigated in further experi-
ments. Nevertheless, in our InAs/GaAsN layers, the back-
ground doping values are several times lower than those found
for InGaAsN layers grown by MBE without Sb in the articles
cited above (more than 1.0 x 10"°cm ™). Low background
doping of the i-layer is necessary for better collection and
transport of charge carriers in dilute nitrides with low life-
times.?*33-3 Consequently, the SDA InAs/GaAsN is prefera-
ble to InGaAsN compounds grown continuously by MBE.
This might be due to the ionization of defect levels giving an
additional contribution to the net doping, as discussed below.
The admittance spectroscopy is based on the measure-
ment of the capacitance and conductance of p-n or p-i-n
junctions using a small signal alternating voltage at different
frequencies and at various temperatures. If the Fermi level
(or quasi Fermi level) crosses the defect level in the space
charge region, we may detect an additional contribution to
the capacitance provided that wt < 1, with o being the angu-
lar frequency and t the time response of the defect, sum of
the capture and emission frequencies which are equal at the
quasi Fermi level. This leads to a step-like behavior in the
capacitance versus temperature, C(7T), or capacitance versus
frequency, C(f), curve. Therefore, admittance spectroscopy
can detect responses coming from the i-InAs/GaAsN layer,
even if the layer is fully depleted, the high frequency/low
temperature capacitance value being then determined by the
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FIG. 2. Capacitance-voltage (C-V) characteristics measured for the 1.2 um thick InGaAsN sample and simulated with varying doping concentration (in cm )
(a) and C-V and Mott-Schottky plot for the 1.6 um thick InGaAsN sample (b). Experimental and simulated data were obtained at 300K and at 1 MHz.
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i-layer thickness. The step position, or turn-on, is defined as

w7 =1, which leads to
E,
- 1
o 5) o

where f; is the turn-on frequency, 7, is the turn-on temperature,
kp is the Boltzmann constant, E, is the escape energy of a
majority carrier from the defect to its band, v3oy and N3 are
the thermal velocity and effective density in the band at 300K,
respectively, and o is the capture cross section of the defect for
the majority carrier.”” From Eq. (1), it is obvious that the step
position in a C vs f plot is shifted to higher frequency when the
temperature is increased. The step in the capacitance is also
accompanied by a maximum in the conductance, which is a
simple way to clearly identify the turn-on angular frequency,
w,. However, the maximum in the conductance is often hidden
by the parasitic shunt conductance or the dc conductance
related to the current flow across the junction that increases
with temperature. This is why conductance values will not be
presented here. The turn-on position can then be determined at
a given temperature in a capacitance vs frequency plot, by the
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maximum of the capacitance derivative dC/df or preferentially
the maximum of the so-called differential capacitance dC/
d[Ln([/)]. Indeed, it can be seen from Eq. (1) that a change
in temperature is equivalent to a change in the logarithm
of frequency (apart from the T> dependence that only introdu-
ces a second order deviation) in the definition of the energy
scale of the detected defect level. The temperature and fre-
quency dependences of the raw and differential capacitance of
our InGaAsN structures are shown in Fig. 3 for zero bias volt-
age. The capacitance of the sample with the 1200nm thick
InGaAsN layer exhibits two steps [Fig. 3(a)] that are evidenced
in the peaks of the differential capacitance fx dC/df [Fig.
3(c)]. We can observe a first step on C(f) leading to a peak on
fx dC/df at low temperatures 100—280K and a second one at
higher temperatures, 320-360 K (the series of steps are indi-
cated by arrows). These steps can be caused either by interface
states at the InGaAsN/GaAs heterojunction or by bulk defect
levels in the i-layer. The C(T,f) curves were measured at dif-
ferent applied bias voltages (measurements are not shown
here) and the step position in C(f) curves does not change: it
indicates that the response originates from bulk defects rather
than from the interface. Further increase in thickness of the

(b)

N
(3,

Capacitance, nF/cm?
N
o

15
10}
—340K
5 —360 K
100 1000  10* 10° 10°
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FIG. 3. Frequency dependent capacitance, C, (top) and differential capacitance, f x dC/df, (bottom) at various temperatures for zero bias voltage, measured on
SC with InGaAsN active layers with thicknesses of 1200 nm (a), (c), and 1600 nm (b), (d).
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InGaAsN layer up to 1600nm leads to a drastic enlargement
of the amplitude of the first step while the second step in C(f)
curves remains the same [Fig. 3(b)].

Defect parameters (E, and ¢) in InAs/GaAsN were
extracted from Arrhenius plots of £,/T,%, according to Eq. (1).
Note that, while the error in the energy determination can be
evaluated at =0.05¢eV, the error in the determination of ¢ is
quite large due to the extraction procedure (a small change in
the slope of the linear fit induces a strong change in ¢). In
addition, the values of thermal velocity and effective density
of states (DOS) in the band are not well known in these new
III-V compounds, but they are calculated from effective mass
of m,=0.1 xmy and m;,=0.47 x my for InGaAsN com-
pounds. The characteristic Arrhenius plots for extraction of
defect parameters in our samples are shown in Fig. 4.

For the sample with an i-layer thickness of 1200 nm, the
defect level revealed at low temperature has characteristic val-
ues £,=0.20eV and =3 x 107" cmz, while the defect
revealed at high temperature has parameters £, = 0.46eV and
c=14x10"" cm?. For the sample with a 1600nm thick
i-layer, we find E,=0.18eV and ¢ = 1.4 x 10 ' cm? for the
low-temperature defect level, while for the high-temperature
one, we find E,=0.54eV and 6 =34 x 10~ cm?. The defect
parameters are presented in Table I. Taking into account the
above-mentioned uncertainties in the extracted defect parame-
ter values, we can conclude that the defects detected in both
1200 nm and 1600 nm thick samples are likely to be the same
and constitute a characteristic feature of the i-InGaAsN layer
based on the InAs/GaAsN SDA.

According to measured C(7T, f) data, we can conclude
that layers of InGaAsN grown using InAs/GaAsN SDA do
not exhibit any response from defects so their concentration
is below the detection limit of the AS technique up to at least
a thickness of 900 nm (not shown here). Further, when the

10° . .
10} % ]
[ ]
..
10°} °e -
iy - E_=0.18-0.20eV
10 .
‘“% E_=0.46-0.54eV
102 ' 'm .
. om © 1200 nm(AS)
3 - u ® 1600 nm(AS)
107} ~ 1 1200 nm(DLTS) |
. ® 1600 nm(DLTS)
10" - :
2 4 6 8

1000/T, K™

FIG. 4. Characteristic Arrhenius plots for extraction of defect parameters by
AS (circles) and DLTS (squares) for the InAs/GaAsN samples with thick-
nesses of 1200 nm (open symbols) and 1600 nm (full symbols).
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TABLE I. Parameters of defects detected in i-InAs/GaAsN samples.

Thickness, nm E, eV o, cm? Nr, cm 3 Method
0.20 3.0x 107" 5.0%10™ AS

1200 0.46 1.4x 10713 8.4 x 10 AS
0.82 45%10713 n/e DLTS
0.18 14 x 10716 3.5x 10" AS

1600 0.54 3.4x 1071 1.3x 10" AS
0.78 1.9x 10" 1.0 x 10" DLTS

thickness is increased to 1200 nm, conditions become more
favorable for the formation of defects in InGaAsN but their
concentration is still low, so it does not lead to a drastic
change in the capacitance curves [Fig. 3(a)]. However, the
defect concentration drastically increases when the thickness
is increased to 1600nm, leading to huge changes in the
capacitance-frequency curves [Fig. 3(b)]. Such behavior of
defects in epitaxial multilayers which have a small lattice mis-
fit with the wafer was widely discussed.*>* It was shown that
a misfit will be accommodated by a uniform elastic strain until
a critical film thickness is reached. Thereafter, it is energeti-
cally favorable for the misfit to be shared between dislocations
and the strain. Thus, we can propose that a 900 nm thick layer
is strained and has a low defect concentration, while increase
in the layer thickness to 1200 nm leads to dislocation forma-
tion and therefore defect responses are detected.

In the following, we estimate the concentration of detected
defects in samples with i-InGaAsN thicknesses of 1200 nm
and 1600 nm. To this purpose, the method suggested by Walter
was used.” It is based on the use of the capacitance derivative
with respect to angular frequency. The density of states
(DOS) can be reconstructed by this method for both p-n and
p-i-n junctions. In Fig. 5 we present the DOS corresponding to
the detected defects. The total defect concentration (Nt) was
estimated for the p-i-n junction case from the integration of the
DOS over the defect distribution around 0.18-0.20eV. We
found Ny =5 x 10" cm ™2 and Ny=3.5 x 10">cm > for sam-
ples with i-InGaAsN 1200 nm and 1600 nm thick, respectively
(Table I). These values are close to that of the effective doping
concentrations estimated from C-V measurements at 300 K.
Consequently, the observed shallow defects completely ionize
at temperatures above 260 K introducing an additional charge
that can explain the observed increase in the effective doping
concentration at 300 K in the sample with the largest thickness.
A peak in the DOS is also obtained around 0.50eV, as shown
in Fig. 5. The estimated defect concentration is slightly lower
for the sample with InGaAsN 1200 nm thick (8.4 x 10'*cm
than with 1600 nm (1.3 x 10> cm™>) (Table I).

B. DLTS measurements

The samples were also explored by the DLTS technique
with the following conditions: the amplitude of the reverse
bias voltage was V,,,=—1V, the amplitude of the filling
pulse was V,,,;5. =1V (i.e., the voltage during the filling pulse
was 0V), and the filling pulse duration was t,,,, =40ms.
The DLTS spectra S(T) for different rate windows is shown in
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FIG. 5. Density of states in the energy bandgap for low (circles) and high (squares) temperature defects detected by admittance spectroscopy for 1200 nm (a)

and 1600 nm (b) thick i-InGaAsN layers.

Fig. 6. No peaks are detected in the DLTS spectrum for the
used temperature range in the 900 nm thick InGaAsN sample
[Fig. 6(a)]. On the other hand, peaks of the capacitance are
observed for the 1200 nm thick sample at temperatures above
360K and high emission rates [Fig. 6(b)]. The position of the
peaks shifts toward higher temperatures when the rate window
is increased, but their amplitude also substantially increases
and their shape is quite broad. A series of broad peaks with a
much larger amplitude is observed in the 1600 nm thick sam-
ple at temperatures 280-360 K. Such broad peaks are usually
assigned to extended defects such as dislocations rather than
to point defects.*®

The Arrhenius plots of defects obtained from the DLTS
spectra are shown in Fig. 4 in order to compare with the AS
data. The defect parameters extracted from both techniques
are presented in Table I. The important difference in AS and
DLTS measurements is the different used range of emission
rates, because the DLTS setup with Boonton-7200 allows to
accurately measure capacitance transients with relatively low
emission rates, ¢ < 2000 sfl, unlike AS that can better reveal
higher emission rates. From DLTS measurement, we found an
activation energy around E, ~ 0.8eV and a cross section
around ¢ ~ 107"> cm? for the defect state. We could relate
this defect state to that deep-defect one measured using AS.
However, the difference between the values of E, measured
by the two techniques (~0.8eV vs ~0.5eV using DLTS and
AS, respectively) is large and remains unclear. Using DLTS,
such high activation energy had already been detected in simi-
lar materials,>>*° but no explanation about the large E, value
(larger than half of the bandgap) was given. Further research
should be done to resolve why the activation energy evaluated
from DLTS is much higher than the midgap. It is an unex-
pected and unusual result which forces to consider DLTS data
carefully and with a critical view. Admittance spectroscopy
is likely to be more suitable to extract defect parameters in
our layers where doping is low, unintentional, and related to
shallow defects. Indeed, in DLTS, the dopant concentration
should be higher than the deep defect concentration for correct

interpretation of the data. This may explain the discrepancy
between the defect parameters extracted from AS and DLTS,
along with the unexpected large activation energies from DLTS.

The absence of responses from the low-temperature level
on the DLTS spectra can be explained by the principle of
DLTS measurement in the case of fully depleted i-InAs/
GaAsN in p-i-n junctions at low temperature for all samples.
In this case, when the applied voltage returns at reverse value
following the filling pulse, the space charge region must
extend in adjacent layers in the structure. But the cover layers
of p- and n-GaAs have very high doping concentration
(1x10"em™ and 3 x 10" cm ™) so the DLTS signal should
be low because although it is proportional to the defect den-
sity, it is also inversely proportional to the doping density at
the edge of the space charge layer.*® This may also explain the
absence of high temperature response in the sample with the
1200 nm thick i-InGaAsN layer in DLTS spectra. However,
the sample with 1600 nm thick InGaAsN rather behaves as a
p-n junction at temperatures above 240K due to additional
ionization of shallow defects. Nevertheless, the low activation
energy of this defect (E,=0.20eV) does not allow consider-
ing it as an effective center of non-radiative recombination
that could be responsible for low lifetimes in the layers of
dilute nitrides InAs/GaAsN (see below).

On the contrary, defects detected at high temperature
(E,=0.45-0.55¢eV) are close to the middle of the bandgap of
the InGaAsN (E, = 1.03eV) and have large capture cross sec-
tions so they can have a strong influence on the charge carriers
lifetimes in active layers of SC. Defects with similar parame-
ters were previously observed in many studies.'>***'** Broad
DLTS peaks in Fig. 6(c) mean non-exponential response com-
pared to the classical case of DLTS spectra for a point defect,
so the interpretation of data should be considered more care-
fully. Broad shape and increasing amplitude of peaks can
be due to different causes: local fluctuations in the composition
of the compounds,** overlap of responses from several discrete
defect levels with small separation in energy, defects having an
energy density of states (e.g. Gaussian distribution, extended



161418-7 Baranov et al.
1 T T r
(a)
+5
08} | =10 .
--20
L 4--50
o
=06} 100 i
c
2
? o4l | 1000 |
: """ 2000
[a)
0.2} 4
0 bl o= a0 e o s b e e - B B %

80 160 240 320 400
Temperature, K

J. Appl. Phys. 123, 161418 (2018)

1 r T T
s (®)
=10
08F | --20 4
n 450
2 v--100
s 0.6} -
=y
®
,‘2 04 --1000
0.4 | 2000 .
[a]
0.2} =
W ""7!--?:.
) PP B e |
80 160 240 320 400

Temperature, K

1 L]
-5
=10

08} |+ oo
o -—100
=06}
c
2
o —1000
o4l |
I: 2000
(a]

0.2}

OM

(c)

80 160

240 320 400

Temperature, K

FIG. 6. DLTS spectra S(T) on solar cell structures made of active layers of InAs/GaAsN with thicknesses of 900 nm (a), 1200 nm (b), and 1600 nm (c) for dif-

ferent rate windows (in s ).

defects with unknown energy distribution), dislocations, etc. In
Ref. 36, a convenient method was proposed for analyzing such
responses from extended defects (not point defects with dis-
crete energy level) that exist with localized and band-like
states. For the InGaAsN alloys grown by MBE with a RF-
plasma source of nitrogen, the analysis shows logarithmic
enlargement of the peak amplitude without any temperature
shift when the duration of the filling pulse is increased until up
to 10 ms for the same rate window: such behavior is typical for
localized states.'> However, saturation occurs at touise larger
than 10ms and the peak amplitude remains constant like in
case of a point defect. Probably, in the case of dilute nitrides, a
strong fluctuation in composition occurs due to nonequilibrium
growth conditions and the tendency of nitrogen clusterization
leads to the transformation of point defects into extended ones
with some energy distribution.

C. Photoluminescence and X-ray diffraction

The photoluminescence (PL) spectra of the InGaAsN
samples measured at room temperature are displayed in Fig. 7.

The bandgap energy is 1.03 eV whatever the sample thickness.
However, we observe that the intensity of photoluminescence
strongly decreases when the thickness increases. This is con-
sistent with the increasing defect density derived from previ-
ous capacitance measurements. Indeed, deep defects act as
non-radiative recombination centers that reduce the free car-
rier concentrations, thus also reducing the band-to-band PL
signal.

Further correlation to previous measurements supporting
the increase in defects with increasing thickness is provided
by X-ray diffraction measurements (Fig. 8). The main peak
is related to the response from the GaAs wafer, and the peak
at a slightly smaller angle is attributed to the InGaAsN layer.
This indicates that InGaAsN is under compressive stress and
presents a slightly larger average lattice constant than GaAs.
We observe that the shift of the peak is increased with the
thickness, especially for the 1600nm thick layer, where it
becomes strongly broadened, indicating partial relaxation
and formation of defects and dislocations. Formation of dis-
locations and other defects are known to occur in thick
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strained layers when it exceeds the critical thickness in heter-
oepitaxial growth.***3

D. External quantum efficiency of solar cells

The external quantum efficiency (EQE) of the solar cell
with an active layer of InGaAsN drastically drops when the
layer thickness increases from 1200 nm to 1600 nm [Fig. 9(a)].

The drop in EQE occurs when photogenerated electron-
hole pairs cannot effectively reach the highly doped GaAs
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FIG. 8. X-ray-diffraction rocking curves of the 900nm, 1200nm, and
1600 nm thick InGaAsN samples.
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layers and recombine in the InGaAsN active one. In principle,
in a p+-i-n+ structure, the built-in electric field in the active
i-layer improves the separation and collection of charge car-
riers and reduces recombination in the active region of the
solar cell. However, the presence of a background doping
and of charged defects which were revealed in our layers
from the capacitance measurements tends to replace the p+-i-n+
structure by either a p4-n-n+ or a p+-p-n+ structure. In the
first case, the p-n junction is the top p+-GaAs/n-InGaAsN
junction, while in the second case, it is the bottom p-InGaAsN/
n+-GaAs junction. In order to investigate these two possibili-
ties, we performed numerical simulations using AFORS-HET
2.5. To simulate either the n-InGaAsN case or the p-InGaAsN
case, we introduce either a donor type defect at 0.18 eV below
the conduction band or an acceptor type defect at 0.18eV
above the valence band (as detected from admittance spectros-
copy) with a concentration of 5 x 10'° cm ™ (that was obtained
from the C-V analysis at 300K for the 1600nm thick
InGaAsN sample). Simulated band diagrams for n- and p-
InGaAsN are presented in Figs. 10(a) and 10(b), respectively.
Also, the EQE curves were calculated taking into account the
reflection losses that were measured on solar cells [Fig. 9(b)].
We introduced a bulk defect level located at 0.5eV below the
conduction band in n-InGaAsN (above the valence band edge
in p-InGaAsN), with capture cross sections of electrons and
holes equal to 2 x 10~"% cm? and 2 x 10~ cm?, respectively.
The defect concentration was varied for both cases [Figs. 10(c)
and 10(d), respectively]. In the first case, the separation of
charge carriers generated at short wavelength will occur more
efficiently, since the regions of high built-in electric field and
high absorption (close to the front surface) coincide. In the sec-
ond case, these regions are spatially separated. As a conse-
quence, the EQE is more affected in the second case due to
enhanced recombination of electron-hole pairs and the shape
of the EQE curve is different. The big drop in EQE observed
in the 1600 nm- InGaAsN sample is more pronounced at short
wavelength, where light is absorbed in a narrow depth close to
the p+-GaAs/i-InGaAsN interface. This behavior is well
reproduced in the simulation if the InGaAsN layer is of p-type.
This suggests that the InGaAsN layer has a p-type background
doping and that the p-n junction is located at the bottom side.
Therefore, all detected defects from AS and DLTS are traps
for holes because they are majority carrier traps in p-InGaAsN.
Another consequence is that the defects in the 1600 nm thick
sample were detected at the bottom side of InGaAsN, indicat-
ing that increasing the thickness from 900nm to 1600nm
has produced defects not only in the upper part of the layer,
but the defects are likely to be distributed all over the
thickness.

Taking now the InGaAsN layer to be p-type, we also
simulated the EQE curve for various deep defect concentra-
tions for 900nm and 1200nm thick samples (Fig. 11).
An increase in the thickness of the InGaAsN layer from
900nm to 1200nm leads to only very small changes in
the EQE curve: a small increase in the long-wavelength
range because of enhanced absorption. The increase in the
defect concentration up to 0.5 x 10">ecm ™ induces a small
decrease in EQE because the electric field is strong enough
in the InGaAsN layer to separate the carriers and to allow
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FIG. 9. Measured external quantum efficiency (a) and reflection (b) of single-junction SCs with i-InGaAsN.

them to be collected before they recombine. On the con-
trary, for the 1600 nm thick InGaAsN layer, the EQE curve
exhibits the drastic decrease at short wavelength and the
same shape as observed experimentally when the defect
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concentration is above 0.5 x 10'3 cm 3. Therefore, the con-
centration of (0.5-2) x 10 cm™? estimated from AS and
DLTS allows to achieve good qualitative and quantitative
correlation between experiments and simulations.
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and corresponding external quantum efficiency for various deep defect concentrations (in cm ) (c) and (d). The experimental curve is also shown in (d).
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Consequently, the relation was demonstrated between
the thickness of the i-InGaAsN active layer grown by MBE
in the form of SDA InAs/GaAsN in solar cells and their pho-
toelectric and internal properties. An increase in the thick-
ness of the active layer leads to formation of defects that
are centers of non-radiative recombination, responsible for a
strong drop in EQE in the short-wavelength region.

IV. CONCLUSION

Different capacitance methods (C-V, AS, and DLTS), as
well as photoluminescence and XRD measurements, were used
to study i-layers of InGaAsN dilute nitrides grown as sub-
monolayer digital alloys based on the InAs/GaAsN superlattice
by molecular beam epitaxy on GaAs wafers for applications in
multi-junction solar cells. Low p-type background doping was
demonstrated at room temperature in the 900 nm and 1200 nm
thick layers. Increasing the thickness from 900 nm to 1200 nm
leads to the formation of centers of non-radiative recombination
with an activation energy of 0.5eV (Ny=8.4 x 10 cm ™3 ) and
a shallow defect level at 0.20eV. The latter also contributes to
doping but its concentration is low (Ny=5 x 10" cm™) so it
does not strongly affect the band diagram and the external
quantum efficiency of solar cells. A further increase in thick-
ness to 1600nm leads to significant increase in the shallow
defect concentration, up to (3-5) x 10" cm 3, while the con-
centration of deep levels becomes higher (1.3 x 10" cm ™).
Therefore, additional free charge carriers from the shallow level
doping effect change the band diagram from p-i-n to p-n junc-
tion at room temperature and the external quantum efficiency is
drastically reduced due to the loss of electric field in most part
of the i-layer and to the influence of non-radiative recombina-
tion centers.
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