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ABSTRACT

Dilute nitrides lattice-matched to GaP were studied to explore the possibilities to improve their properties by additional indium or arsenic
content in the GaPN alloy for further utilization in solar cells. Admittance spectroscopy shows that intrinsic layers of GaPNAs and
InP/GaPN grown by molecular-beam epitaxy have unintentional background silicon donor doping. Deep-level transient spectroscopy
allowed us to reveal several defect levels. In GaPNAs, two defect levels were detected at Ec− 0.58 eV and Ev + 0.44 eV, with respective
concentrations of 4 × 1015 cm−3 and 2 × 1015 cm−3. After thermal annealing, these could be reduced by a factor of two and by more than
one order of magnitude, respectively, leading to an increase of external quantum efficiency and open-circuit voltage of solar cells. The
InP/GaPN layer exhibits a defect level at Ec− 0.44 eV (with a concentration of 2 × 1014 cm−3), which is of similar nature as the one at
Ec − 0.58 eV in GaPNAs. Furthermore, unlike in GaPNAs, defect levels close to midgap were also detected in the InP/GaPN layer. These
non-radiative recombination centers lead to poorer photoelectric properties of solar cells based on InP/GaPN as compared to those based
on GaPNAs. Therefore, the introduction of arsenic in the compound and post-growth thermal annealing allowed us to reduce the defect
concentrations in dilute nitrides and improve photoelectrical properties for photovoltaic applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5134681

I. INTRODUCTION

Nowadays, almost all record values of efficiency are reached
for multi-junction solar cells (MJSCs) based on III–V compounds
using concentrating lenses. The maximum efficiency of 46% was
obtained in devices fabricated by bonding of two structures grown
on different wafers.1 However, such a bonding method has issues
with cost and high throughput when it comes to terrestrial photo-
voltaic applications, where monolithic MJSCs, especially MJSCs
grown on silicon wafers, should be preferred. According to theoret-
ical simulations 1.1 eV and 1.7 eV are the optimal values of
the bandgap energy (Eg) of the bottom and top subcells in a

double-junction solar cell.2 The first one corresponds to the value
of silicon3 so it can be used as a wafer, and the top subcell should
then be lattice-matched with Si. Possible candidates to this purpose
are dilute nitrides based on GaP. GaPN becomes a direct semicon-
ductor when the content of nitrogen exceeds 0.5 at. % and its
bandgap energy drastically decreases.4,5 Moreover, the addition of
indium and (or) arsenic atoms allows one to vary the bandgap
energy of InGaPNAs in a wide range from 1.5 to 2.1 eV
while remaining lattice-matched to Si or GaP wafers.6 Therefore,
InGaPNAs (Eg = 1.7 eV)/Si tandem is considered a promising
monolithic double-junction solar cell due to the higher theoretical
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limit of efficiency under AM1.5G (37.4%) compared to GaInP/
GaAs (35.1%).6 Furthermore, triple-junction solar cells based on
the InGaPNAs (1.8 eV)/InGaPNAs (1.4 eV)/Si structure are prefer-
able to the GaInP/GaAs/Ge structure due to higher potentially
achievable efficiency.6 For example, we showed that with 10 ns
minority-carrier lifetime in (In)GaPN(As) a triple-junction solar
cell based on the GaPNAs (2.0 eV)/GaPNAs (1.5 eV)/Si can reach
44.5% efficiency at a sunlight concentration of 500 suns.7

However, so far there are only a few studies of solar cells
based on (In)GaPN(As) lattice-matched to GaP or Si, and their
photovoltaic performance is poor due to insufficient quality of the
III–V layers.8–12 First of all, the growth of dilute nitrides layers
occurs in non-equilibrium conditions at low temperature, which is
required for better nitrogen incorporation. Usually, it is less than
500 °C, whereas the optimal growth temperature of GaAs and GaP
is close to 600 °C. Second, a higher nitrogen content leads to the
reduction of the bandgap energy of GaPN but at the same time
leads to a degradation of the quality of the material. According to
previous studies, the photoluminescence intensity decreases drasti-
cally with increasing nitrogen concentration in GaPN; it decreases
also in the same layers of dilute nitrides grown on Si instead of
GaP wafers.5,13–15 Moreover, the incorporation of nitrogen in the
GaP lattice leads to the appearance of elastic stress in pseudomor-
phic layers and lattice-mismatch with GaP and Si wafers leading to
the appearance of dislocations and high concentration of defects
(being non-radiative recombination centers) during the growth.
Consequently, it can negatively impact the lifetime of charge carri-
ers, the electron and hole mobility and other electrical properties
that are crucial for optoelectronic devices. Nevertheless, there are
only few studies concerned with defects in the InGaPNAs alloys
isoperiodic to GaP and Si. The method of optically detected mag-
netic resonance has been used to find and describe a number of
defects of the Gai type in GaPN(As) layers,16–18 but this method
does not allow one to obtain useful information on their concentra-
tion, energy position, and capture cross sections. These parameters
are necessary for computer simulation of the solar cell performance
and to evaluate the influence of these defects on the lifetime of
charge carriers in dilute nitrides. Deep-level transient spectroscopy

(DLTS) has been used to study defects only in GaP:N layers [with a
nitrogen concentration of (3–8) × 1018 cm–3]19–24 and
GaP0.991N0.009,

25 but similar studies of InGaPNAs with higher
nitrogen content have not been found in literature.

On the other hand, different ways were also proposed to
improve the quality of GaP-based dilute nitrides, for example, rapid
thermal annealing leads to the inhibition of some defects in
GaPN,26 and reduction of defect concentration was detected after
annealing in GaPNAs layers by admittance spectroscopy (AS) in
our previous work.27 Also, additional incorporation of arsenic and
indium leads to the significant enhancement of the PL amplitude,14

and the inhibition of defect formation in dilute nitrides.18,28,29

However, the quality of (In)GaPN(As) lattice-matched to GaP has
still remained poor and solar cells based on these alloys suffer from
the low carrier lifetimes.

The main goal of this work is to explore defects in GaP-based
dilute nitrides using capacitance techniques and to describe their
influence on the photoelectrical properties of p–i–n single-junction
solar cell structures, that are preferred to p–n junction structures
for dilute nitrides having low carrier lifetimes.30,31 We present data
on defects detected in (In)GaPN(As) layers grown by MBE on GaP
wafers, in relation with the alloy content. We focus on the
i-GaPNAs quaternary alloy and on i-InGaPN grown as a sub-
monolayer digital alloy (SDA)32–34 of InP/GaPN. Indeed, the latter
method was successfully applied to the growth of defect-free
InGaAsN (900 nm thick) as InAs/GaAsN in our previous work.35

The photovoltaic structures are investigated by various capacitive
techniques such as capacitance–voltage measurements (C–V),
admittance spectroscopy (AS) and DLTS. These experiments
provide information on the formation of defects in these com-
pounds during the growth process. Furthermore, the influence of
thermal annealing on the solar cell properties is also explored.

II. EXPERIMENTS AND METHODS

Three types of single-junction solar cells based on p–i–n het-
erostructures were grown by MBE using a Veeco Gen III equip-
ment with an RF-plasma source of nitrogen on n-GaP (100) wafers

FIG. 1. Schematic view of the p–i–n structures with i-GaPNAs (a) and i-InP/GaPN (b) active layers. X-ray rocking curves measured in the vicinity of GaP(004) reflection
for GaPNAs and InP/GaPN structures.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 023105 (2020); doi: 10.1063/1.5134681 128, 023105-2

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


(5 × 1017 cm−3). The first one is based on a p–i–n structure with an
undoped 300 nm thick GaPNAs layer confined between two sym-
metric p- and n-type GaPNAs layers and also with a 100 nm thick
front p-GaP layer as a wide bandgap window, as described in
Fig. 1(a). The second one has the same structure, but it was ther-
mally annealed in the MBE chamber at higher temperature in
phosphorous flow. In these two samples, the arsenic content varies
in the range of 15%–30% in the quaternary GaPNAs alloy for
better nitrogen incorporation since it was necessary to reduce the
bandgap down to 1.7 eV. The third one is a p–i–n structure with
350 nm thick undoped InGaPN (Eg = 2.04 eV) grown as InP/GaPN
(0.3 nm/10 nm) SDA confined between p- and n-type GaPN layers,
and with a 100 nm thick front p-GaP layer as a wide bandgap [see
Fig. 1(b)]. Silicon and beryllium were used for doping of the n- and
p-layers in the structures, respectively.

Structural and optical properties of the epitaxial GaPNAs
layers grown by MBE were described in detail in Ref. 14, and, since
the focus of the current paper is on electronic properties, we just
briefly show some x-ray diffraction data that prove the structural
quality of the grown structures. X-ray diffraction measurements
were carried out near the (004) GaP reflection using PANalytical
X’PertPro diffractometer in parallel x-ray beam geometry. The
x-ray rocking curves measured in the vicinity of the GaP(004)
reflection of the samples are presented in Fig. 1(c). Second order
satellite peaks are observed, which indicates high structural quality
of the structures based on GaPAsN layer and InP/GaPN superlat-
tice. For the latter, the value of the superlattice period is main-
tained with acceptable accuracy. The presence of interference
oscillations near the zero peak of the superlattice indicates a high
crystalline quality of the epitaxial layers. Scanning electron micros-
copy (not shown here) also demonstrates smooth surface and
homogeneous structures of the grown samples.

All samples were grown without any antireflection coating.
The post-growth method including photolithography, vacuum
evaporation of metals, and precise wet etching of GaP rich alloys36

was applied for the fabrication of mesa-structures and solar cells37

illustrated in Fig. 2. Au:Ge and Au:Zn alloys were used for the
n-GaP wafer and for the p-GaP top contact, respectively. The
ohmic behavior of the current–voltage characteristics for contacts
was reached after rapid thermal annealing using a JIPelec JetFirst
100 equipment. For photoelectric measurements, we used a grid
top contact, while simple circular dots with diameters of 0.5 and
1 mm were used for capacitance measurements.

Current–voltage characteristics were measured at 25 °C using a
Keithley 2400 source-meter under AM1.5G illumination provided
by a SunLiteTM Solar Simulator from ABET Technologies. The
external quantum efficiency (EQE) was measured in the range of
300–800 nm using a homemade installation. Various space charge
capacitance methods were used to analyze the electronic properties
of the active i-layers of GaP-based dilute nitrides. First, the C–V
characteristics were measured to define the level of doping in the
layers at a frequency of 1MHz. Admittance spectroscopy was
performed to study the defect properties (activation energy Ea and
capture cross section σ) in the layers of dilute nitrides38 using a
precision E7-20 RLC-meter in the frequency range from 20 Hz to
1MHz and with a test voltage amplitude of 50 mV. The classical
capacitance DLTS39 method was performed to get more informa-
tion about the detected deep defects using a Boonton-7200 capaci-
tance bridge at a frequency of 1 MHz and with a test voltage
amplitude of 100 mV. All capacitance measurements were
performed in a Janis VPF-100 liquid nitrogen vacuum cryostat in
the temperature range from 77 to 360 K. AFORS-HET 2.5 soft-
ware40 was used for numerical simulations of solar cells. It allows
one to calculate the capacitance and photoelectrical characteristics
of the solar cell in the one-dimensional case.41

III. RESULTS

A. Quasi steady-state capacitance measurements

Here, we partially repeat measurements of admittance spectro-
scopy for samples with i-GaPNAs, which also were studied in a
previous work.27 The improvement of post-growth technology for
mesa-structure fabrication and the optimization of ohmic contacts
allow us to measure the capacitance in a more precise and reliable
way and to clarify uncertainties in the analysis of experimental
data. The admittance spectroscopy is based on the measurement of
the capacitance and conductance of the junction using a small
signal alternating voltage at different frequencies and at various
temperatures. Figure 3 shows the temperature dependence of the
capacitance at different frequencies, C(T,f ), and at zero DC bias,
for samples with GaPNAs [Fig. 3(a)] and InP/GaPN i-layers
[Fig. 3(b)]. The steps observed in the capacitance curve with
increasing temperature evidence the response of a defect level in
the bulk, or at the interface, or the presence of a potential barrier
in the (In)GaPN(As)/GaP heterojunction. An analysis of theoretical
band diagrams and the experimental current–voltage characteristics
without S-shape suggests that the features observed in the admit-
tance spectroscopy are not associated with parasitic potential barri-
ers at interfaces. Measurements of C(T,f) at different bias voltages
demonstrated that the peak and step positions are independent of
the applied bias voltage, which evidence the response of defect
levels in the bulk of the material, rather than at the interface.

FIG. 2. Photograph of a fabricated sample with mesa-structures and solar cells
used in various experiments.
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A more detailed description of the admittance spectroscopy tech-
nique for p–i–n junctions is given in our previous work where fully
depleted InGaAsN layers were explored.35 To estimate parameters
of a defect level, the following relation is used:

ft
T2
t
¼ υ300N300σ

π(300)2
exp � Ea

kBTt

� �
, (1)

where ft is the turn-on frequency, Tt is the turn-on temperature, kB
is the Boltzmann constant, Ea is an activation energy, v300 and N300

are the thermal velocity and effective density in the band at 300 K,
respectively, and σ is the capture cross section of the defect for the
majority carriers.38 The turn-on position is determined at a given
frequency in a capacitance vs temperature plot, by the maximum of
the capacitance derivative dC/dT. The capacitance of the sample
with GaPNAs [Fig. 3(a)] exhibits a low temperature step overlap-
ping with another high temperature response. According to the
Arrhenius plots of ft/T2

t , the parameters extracted from the low
temperature step are Ea = 0.20 eV and σ = 1.7 × 10−15 cm2

[Fig. 3(c)]. Previously, we suggested that it is a unique defect for
undoped i-GaPNAs. But now, according to the parameters of the
low-temperature defect in our n-GaPNAs27 and parameters of
similar defects in other studies,19,21,22 it can be suggested that this
detected defect corresponds to the T1 level. This defect is a
SiGa + VP complex appearing under non-equilibrium growth condi-
tions when a large number of gallium and phosphorus vacancies
are formed and Si occupies left gallium sites. Therefore, the i-layer
of GaPNAs has a similar response as n-GaPNAs doped by Si but
the step amplitude is extremely lower. It means that this defect has
a significantly lower concentration, but its existence can be associ-
ated with unintentional background doping of i-GaPNAs by silicon
during the growth process. On the other hand, parameters for the
defect responding at higher temperature could not be estimated.
This is due to the overlap of its response with the preceding one at
low frequencies, while at high frequencies (higher than 5 kHz), the

limited temperature range (T < 360 K) of our equipment does not
allow us to observe the capacitance step that should occur at higher
temperature

Capacitance curves of the sample with i-InP/GaPN exhibit low
temperature series of blurred steps and then monotonous growth
of capacitance without any feature [Fig. 3(b)]. According to the
Arrhenius plot [Fig. 3(c)], these steps correspond to a response
with a thermal activation energy Ea = 0.08 eV and a capture cross
section σ = 1.45 × 10−16 cm2. Possibly, this defect could be a donor-
type point defect formed by silicon atoms at the site of gallium in
the GaP lattice (SiGa) at a position of EC− 0.085 eV. This defect
was also observed in undoped GaP:N layers grown by vapor phase
epitaxy.23 At temperatures above 160 K, the capacitance is almost
independent of the frequency and slowly increases with heating up
to 360 K, so there is no response from defect levels in the explored
temperature range. Therefore, admittance spectroscopy allowed us
to detect defects with low activation energy that can be associated
with silicon incorporation in dilute nitrides and can be responsible
for unintentional doping of these layers. However, their low values
of Ea and σ indicate that they should not be considered efficient
centers of non-radiative recombination in InGaPNAs.

Since admittance spectroscopy did not reveal contributions
from defect levels at high frequency and at low temperature
[Fig. 3], C–V curves were measured in the reverse bias voltage from
0 to −3 V for 1MHz at 80 K [Fig. 4(a)]. Obviously, the capacitance
decreases vs reverse voltage in different ways in the two samples: the
i-GaPNAs sample has the strongest dependence of capacitance on
bias voltage, while the InP/GaPN sample exhibits almost no capaci-
tance change. The estimated dependence of the width (deff = ϵ/C,
where ϵ being the dielectric permittivity) of the space charge region
(SCR) on applied reverse voltage is shown in Fig. 4(b).

In an ideal p–i–n structure, where the doping concentration in
p- and n-layers is high and the i-layer is undoped, the width of the
space charge region almost corresponds to the thickness of the
i-layer and is independent of the DC applied voltage. This is
observed in the i-InP/GaPN sample, with an effective width

FIG. 3. Experimental temperature dependence of the capacitance at various frequencies for samples of GaPNAs (a) and InP/GaPN (b). Corresponding Arrhenius plots of
ft /T2

t , ft and Tt being the frequency and temperature, respectively, at the turn-on of defect response (c).
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extracted from the capacitance of about 390 nm, close to the value
of 350 nm estimated from the growth process; the discrepancy can
come from the unknown value of the relative dielectric permittivity
in dilute nitrides (we use the value of GaP of 11.1) or/and from an
error in the estimation of the active device area.

On the contrary, the GaPNAs sample exhibits a voltage
dependence of the capacitance similar to that of a classical p–n
junction. Therefore, we can assume that an unintentional doping of
the GaPNAs layer takes place during the growth. In addition, the
presence of silicon related defects in the i-layers suggests that the
background doping in the studied sample should be of n-type.

In order to estimate the background doping concentration in
both (i) GaPNAs and InP/GaPN layers, numerical simulations
were performed. The doping concentration in the adjacent layers
was fixed to the values estimated from the growth recipe:
3 × 1018 cm−3 and 1 × 1018 cm−3 for the n- and p-layer, respectively,
of the InP/GaPN sample, and 3 × 1017 cm−3 and 1 × 1017 cm−3 for
the GaPNAs sample. Only the unintentional donor concentration

in the i-layer was varied. The simulated C–V characteristics are
shown in Fig. 4, and they are compared to the experimental ones
(black dots). For the GaPNAs structures, a perfect fit is obtained
for a donor concentration of 3 × 1016 cm−3 [Fig. 5(a)]. For the InP/
GaPN sample, the background doping concentration should be
lower than 1 × 1016 cm−3 [Fig. 5(b)]. Consequently, GaPNAs seems
to be more unintentionally donor doped than InP/GaPN for the
used growth processes. This leads to a more parabolic shape of the
band diagram in the GaPNAs layer, as compared to a more linear-
like one in the InP/GaPN layer (see insets).

B. DLTS measurements

The samples were studied by the deep-level transient spectro-
scopy (DLTS)39 technique to explore defects with higher activation
energy in the i-layer of the dilute nitrides. It is a transient method
that is based on the measurement of the junction capacitance vs
time following a change in applied voltage. The difference in

FIG. 4. Capacitance–voltage charac-
teristics (a) and space charge region
width–voltage dependences (b) for the
GaPNAs and InP/GaPN samples. Data
were taken at measurement tempera-
ture and frequency of 80 K at 1 MHz,
respectively.

FIG. 5. Simulated capacitance–voltage
characteristics of samples performed at
80 K for various concentrations (in
cm−3) of unintentional n-type doping in
the i-layer (various symbols on colored
lines) of GaPNAs (a) and InP/GaPN
(b), compared to experimental data
(black dots). Calculated equilibrium
band diagrams of the structures with
i-GaPNAs (with unintentional n-type
doping of 3 × 1016 cm−3) and i-InP/
GaPN (with unintentional n-type doping
of n = 1 × 1016 cm−3) are shown in the
insets.
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capacitance at two different times t1 and t2 after switching the
voltage is recorded as a function of temperature, T, and defined as
the spectral function S(T). In the presence of a defect level in the
bandgap, S(T) exhibits a maximum at Tmax, and parameters of the
defect can be estimated by following equations:

(Tmax) ¼ συthNe
�Ea

kBTmax , (2)

e(Tmax) ¼ ln(t2/t1)
t2 � t1

, (3)

where N is the effective density in the band and e is the emission
frequency defined by the rate window. The DLTS spectrum S(T) of
the GaPNAs sample was obtained for different rate windows under
the following conditions: initial reverse bias voltage Vinit =−2 V,
filling pulse amplitude Vpulse = +1.5 V, and duration of the filling
pulse tpulse = 100ms [Fig. 6(a)]. It exhibits two clear series of peaks
associated with responses from majority-carrier traps (here, a
positive value of the peak corresponds to the response from
majority-carrier traps). The first series is located in the temperature

range 80–120 K, and it corresponds to a defect level with an
activation energy Ea = 0.18 eV and a capture cross section
σ = 3.1 × 10−15 cm2, as estimated from the Arrhenius plot in
Fig. 6(e). These values correlate well with parameters of the defect
detected by admittance spectroscopy above. Another clear series of
peaks is detected in the temperature range of 200–280 K, and it
corresponds to a deep defect with parameters of Ea = 0.58 eV and
σ = 6.9 × 10−13 cm2. As noted above, grown i-layers are uninten-
tionally n-type doped so the majority-carrier traps are electron
traps, and their energy position is given by Et = Ec− Ea.

Defect concentrations were estimated at 2 × 1015 cm−3 and
4 × 1015 cm−3 for defects at Ec− 0.18 eV and Ec− 0.58 eV, respec-
tively, in the case of p–n junctions42 under the condition of
ND = 3 × 1016 cm−3 from the C–V measurements. For the latter, we
could also estimate the capture time which is of the order of
10−11 s assuming a thermal velocity value of 107 cm/s. This is a
very small value meaning that the detected defect level can be con-
sidered an effective center of non-radiative recombination in
GaPNAs. As we will see later, this can explain the low external
quantum efficiency (EQE) in solar cells based on a GaPNAs
absorber (see Discussion below). Consequently, its concentration

FIG. 6. DLTS spectra S(T) for GaPNAs [(a) and (c)] and InP/GaPN [(b) and (d)] samples for different rate windows (in s−1). Two electrical injection conditions are applied:
(a) and (b) initial reverse bias (Vinit =−2 V; Vpulse = +1.5 V; tpulse = 100 ms) and (c) and (d) initial forward bias (Vinit = +0.2 V; Vpulse = +0.8 V; tpulse = 50 ms). Arrhenius plots
of the detected peaks for the GaPNAs and InP/GaPN samples are shown in (e) and (f ), respectively.
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should be decreased in future work since lifetimes in dilute nitrides
must be larger than 10−9 s in order to reach good multijunction
solar cell performance.7

The DLTS technique also allows one to detect minority-carrier
traps. To this purpose, a forward bias voltage must be applied during
the filling pulse. Therefore, a DLTS spectrum S(T) for the GaPNAs
sample was also measured under the following conditions: initial
forward applied bias voltage Vinit = +0.2 V, filling pulse amplitude
Vpulse = +0.8 V, and duration of the filling pulse tpulse = 50ms
[Fig. 6(c)]. A significant difference between spectra S(T) in Figs. 6(a)
and 6(c) is observed at temperatures below 200 K. S(T) starts to
decrease from 80 K and presents a series of negative peaks shifting
with the rate window in the temperature range of 160–180 K. This
indicates a response from a minority-carrier trap level that can mask
the response from the defect at Ec− 0.18 eV in the range of 80–
120 K due to a higher concentration. Parameters of this defect level
are estimated from the Arrhenius plot [Fig. 6(e)]: Ea = 0.44 eV,
which corresponds to a level position of Ev + 0.44 eV since holes are
the minority carriers, and σ = 2.6 × 10−11 cm2. The defect concentra-
tion is estimated at 2 × 1015 cm−3. This defect can also be considered
an effective center of non-radiative recombination. Furthermore, for
both experiments, S(T) decreases at temperatures above 240 K up to
the measurement limit of 360 K for all rate windows. This evidences
the absence of other responses from minority- and majority-carrier
traps, suggesting that there are no defects with higher activation
energy in the considered GaPNAs layer.

In the InP/GaPN sample, the DLTS spectra obtained under
the conditions Vinit =−2 V, Vpulse = +1.5 V, and tpulse = 100ms
exhibit positive peaks in the temperature range of 200–260 K
corresponding to the response from a majority-carrier trap level
[Fig. 6(b)]. According to the Arrhenius plot in Fig. 6(f ), these
peaks correspond to the response from a defect level with an activa-
tion energy Ea = 0.44 eV, a capture cross section σ = 1.7 × 1014 cm2

and a concentration NT = 2 × 1014 cm−3. Unlike the GaPNAs
sample, S(T) starts to increase again at temperatures above 280–
300 K up to the limit temperature of the used setup (360 K). This
suggests the existence of another majority-carrier trap, but mea-
surements up to 420 K in another setup also did not allow us to
obtain the level parameters due to a monotonous DLTS signal
increase and the absence of maximum in broad S(T) spectra even
for low emission rates at high temperature. Therefore, this can be
attributed to the response from a broadened defect level with large
activation energy. A similar response was observed earlier for unin-
tentionally doped layers of GaP:N,43 where it was associated with
the EL2 defect typical for GaAs.44 Future experiments could be
focused on the modification of the setup in order to be able to heat
the sample up to 600 K for a correct estimation of defect parame-
ters. The lack of response from the defect detected by admittance
spectroscopy is explained by the low value of activation energy
Ea = 0.08 eV, since its peak on DLTS spectra should be at tempera-
tures below 80 K.

DLTS spectra were also measured under minority-carrier
injection conditions for the InP/GaPN sample [Fig. 6(d)]:
Vinit = +0.2 V, Vpulse = +0.8 V, and tpulse = 50 ms. As a result, the S
(T) spectra remain almost the same at temperatures below 160 K,
but at a higher temperature, they strongly decrease due to the con-
tribution of a minority-carrier trap. The estimation of its

parameters is impossible since the peaks are not observed in the
used temperature range. Thus, according to the experiments, there
are deep traps with high activation energy for both holes and elec-
trons in the InP/GaPN layer, but the precise estimation of their
parameters is impossible due to overlapping of their responses and
to the limited available temperature range. A similar behavior was
observed for deep defects in InGaAsN layers.45

C. Discussion

1. Nature of defects

Here, the nature of detected defects at Ec− 0.44 eV in InP/
GaPN and Ec− 0.58 eV in GaPNAs is considered. A defect with
similar parameters as in InP/GaPN was observed earlier in the
GaPN25 and GaP:N19–21 layers grown on GaP wafers. This defect
was a majority-carrier trap in similar n-type layers in these works
so it indirectly can suggest the presence of background doping of
n-type in our i-InP/GaPN layer. Previously, the possible structure
of this defect was proposed as a complex based on a pair of nitro-
gen atoms at the phosphorus sites (NP–NP) and the vacancy of
gallium VGa, arising as a result of displacement of gallium due to
the incorporation of nitrogen in the GaP lattice. Responses from
the defect at Ec− 0.58 eV in GaPNAs were observed in the similar
temperature region and the extracted parameter values suggest a
correlation between this defect and the defect at Ec− 0.44 eV in
InP/GaPN. One possible explanation is that the latter transforms
into the former due to additional arsenic content in the alloy.

Moreover, the peaks on S(T) spectra associated with both
defects are broadened and their peak value increases with the rate
window. It suggests a non-exponential behavior of responses from
the defect levels due to different possible reasons, one being the
response from extended46 defects rather than from point defects. A
useful method to distinguish between point47,48 and extended49

defects is the measurement of the dependence of the peak ampli-
tude on the duration of filling pulse at fixed temperatures: the key
distinction is that the peak amplitude should not saturate in case of
extended defects while it should saturate for point defects. For both
defects, at Ec− 0.44 eV in InP/GaPN and Ec− 0.58 eV in GaPNAs,
the peak value increases with increasing filling pulse duration from
1ms to 100 ms, but the peak value saturates for filling pulse dura-
tion longer than 50 ms [Fig. 7]. Consequently, it suggests that point
defects based on NP–NP and VGa with Ea = 0.44 eV can transform
into defects with some broader energy distribution in compounds
of dilute nitrides (In)GaPN(As). The most probable reason for the
non-exponential behavior in the considered materials originates
from alloying.50 Probably, in the case of dilute nitrides, a strong
fluctuation in the composition occurs due to non-equilibrium
growth conditions and to the tendency of nitrogen clusterization
that leads to the transformation of point defects into extended ones
with broadened energy distribution. Furthermore, high arsenic
content of 15%–30% can also lead to some energy distribution for
the defect level in GaPNAs. Therefore, the estimated values of
capture cross section and activation energy should be considered
“average” parameters for the detected defect levels.

In summary, in the i-GaPNAs layer DLTS allowed to detect
responses from defect levels at Ec− 0.18 eV (that is also detected by
admittance spectroscopy), Ec− 0.58 eV, and Ev + 0.44 eV. On the
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other hand, the i-InP/GaPN layer exhibits the defect level at
Ec − 0.44 eV, which has a similar nature as the one at Ec− 0.58 eV
in i-GaPNAs, but we also detected additional deep-level traps near
the middle of the bandgap that can be considered centers of non-
radiative recombination, which are not observed in i-GaPNAs in
the explored temperature range.

2. Correlation with photoelectric properties and
improvements after annealing

The current density–voltage (J–V) characteristics measured
under AM1.5G illumination and the external quantum efficiency
(EQE) of the solar cells based on GaPNAs and InP/GaPN absorb-
ers are presented in Figs. 8(a) and 8(b), respectively. Small values
of the fill factor for these J–V curves are explained primarily by
large ohmic losses related to imperfect upper contact grid. The
GaPNAs solar cell has a short-circuit current density
JSC = 3.93 mA/cm2 and open-circuit voltage VOC = 0.87 V, while the

InP/GaPN one exhibits a higher open-circuit voltage of 1.24 V due
to higher bandgap energy of 2.04 eV, but much lower short-circuit
current. This is also confirmed by the spectral response: the
GaPNAs sample has higher peak (35%) and integral EQE values
than the InP/GaPN sample. This is related to lower lifetime of
charge carriers in the InP/GaPN material compared to GaPNAs,
and it is correlated with the existence of higher defect concentra-
tions observed above by the capacitance techniques. It confirms the
conclusion suggested by other authors13 about a better compensa-
tion of elastic stresses by arsenic than by indium. Nitrogen is a
V-group element so it tries to take place in the sublattice of
V-group atoms in the GaP lattice (phosphorus sites). Arsenic is
also a V-group element so it also stands in phosphorus sites and it
leads to more effective stress compensation than indium incorpora-
tion since the latter is a III-group element. Additionally, it is possi-
ble to distinguish two peaks in the EQE curve for all samples. This
can be explained by the peculiar structure of the conduction band
in InGaPNAs dilute nitrides where two conduction subbands may

FIG. 8. Current density–voltage char-
acteristic under AM1.5G (a) and exter-
nal quantum efficiency (b) of samples.

FIG. 7. Dependence of the DLTS peak
amplitude as a function of the filling
pulse duration tpulse for the defects at
Ec− 0.58 eV in GaPNAs (a) and at
Ec− 0.44 eV in InP/GaPN (b), for a
rate window of 50 s−1.
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exist. The detailed investigation of this phenomenon is described in
our previous work.30 Therefore, GaPNAs shows better photoelectri-
cal properties than InP/GaPN due to smaller defect concentrations.

Since it is well known that thermal annealing can have positive
influence on the performance of solar cells through reduction of
recombination centers and improvements in contact properties, the
GaPNAs sample were annealed at 570–650 °С for 3 min at phos-
phorous flow in the MBE chamber.

Results of admittance spectroscopy after annealing are pre-
sented in Fig. 9(a). The C(T) dependence is similar to that of the
as-grown sample in Fig. 3(a): the same response from the defect
level with Ea = 0.20 eV and possible responses from deep defects in
the high temperature range. However, according to the C–V curve
at 80 K (not presented here), i-GaPNAs has lower free carrier con-
centrations (1 × 1016 cm−3) after thermal annealing, and the i-layer
can be considered fully depleted and the sample as an almost ideal
“p–i–n” junction. Therefore, we modified the voltage conditions in
the DLTS experiment in order to be able to fill traps inside the
i-layer and detect their responses. The DLTS spectra S(T) were
measured for different rate windows under the following condi-
tions: initial applied bias voltage Vinit = +0.2 V, injection filling
pulse amplitude Vpulse = +0.5 V, and duration of the injection filling
pulse tpulse = 50ms [Fig. 9(b)]. The S(T) spectra exhibit a series of
peaks in the same temperature range of 240–280 K as for the
as-grown sample [Fig. 6(a)] with a similar activation energy of
Ea≈ 0.55 eV as estimated from the Arrhenius plot in Fig. 9(c), thus
revealing the same defect. However, the defect concentration was
estimated at 2 × 1015 cm−3, which has been reduced by a factor of
two compared to the as-grown sample. Obviously, there is also a
response in the temperature range of 120–170 K associated with
minority-carrier traps, but their peaks on S(T) are broadened with
a very small amplitude so it is impossible to reliably estimate the
parameters of these defects. Nevertheless, their response is much
lower compared to that in the as-grown sample, indicating that
their concentration is definitely lower.

The lower concentration of both majority- and minority-
carrier traps detected in annealed samples leads to better photovol-
taic performance [Fig. 8]. First of all, the short-circuit current
increases and reaches a value of 4.34 mA/cm2 due to significant
improvement in the EQE spectrum. Furthermore, Voc and FF
increase up to 0.93 V and 65%, respectively. Therefore, the
annealed GaPNAs sample has the best photovoltaic properties
among the studied samples due to smaller defect concentration in
the i-layer. Nevertheless, its EQE is still low (<40%), but it should
be noted that the studied structures are not provided with antire-
flection coatings. However, even with allowance for the reflection
losses (in the range of 20%–40%), the values of quantum efficiency
obtained in the p–i–n structure are yet not sufficient to provide suf-
ficient photovoltaic performance in the top junction of MJSCs. In
order to further improve the efficiency, it is necessary to increase
the thickness and, hence, the level of absorption in the undoped
absorber region. In the same time, further studies should be
focused on the modification of growth processes to reduce the for-
mation of defects that will be even more harmful in thicker absorb-
ing layers.

IV. CONCLUSION

Dilute nitrides lattice-matched to GaP were studied to explore
the possibilities to improve their properties by additional content of
indium or arsenic in the alloy to compensate elastic stresses in
GaPN. Admittance spectroscopy and DLTS methods allowed us to
detect deep levels in the i-layer of GaPNAs and InP/GaPN grown
by MBE. GaPNAs exhibit responses from defect levels at
Ec− 0.18 eV, Ec− 0.58 eV, and Ev + 0.44 eV. The concentration of
the latter was strongly reduced after thermal annealing, and the
concentration of the defect level at Ec− 0.58 eV was also slightly
reduced. This led to better photovoltaic performance of annealed
samples since both defects affect the charge carrier lifetime in
dilute nitrides. The InP/GaPN layer exhibits a defect level at

FIG. 9. Experimental admittance spectroscopy and DLTS results for the GaPNAs sample after annealing: (a) dependence of the capacitance upon temperature at various
frequencies, (b) DLTS spectra S(T) measured under injection conditions of Vinit = +0.2 V, Vpulse = +0.5 V, and tpulse = 50 ms for different rate windows (in s−1), and (c)
Arrhenius plot for detected defects.
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Ec − 0.44 eV, which has a similar nature as the one at Ec− 0.58 eV
in i-GaPNAs. Furthermore, the existence of deep levels close to
midgap was revealed in the InP/GaPN layer, while they were not
observed in i-GaPNAs layers. This leads to poorer photoelectric
properties of solar cells using i-InP/GaPN absorber layers com-
pared to that using i-GaPNAs layers. Therefore, using arsenic in
GaPNAs and subsequent post-growth thermal annealing is better
suited for photovoltaic applications, but deep defect concentrations
still need to be reduced in order to achieve very high conversion
efficiencies.
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