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Influence of N incorporation on persistent photoconductivity in GaAsN alloys
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We examine the role of N environment on persistent photoconductivity (PPC) in GaAs1−xNx films. For x >

0.006, significant PPC is observed at cryogenic temperatures, with the PPC magnitude increasing with increasing
x due to an increase in the density of N-induced levels. Interestingly, rapid thermal annealing suppresses the
PPC magnitude and reduces the N interstitial fraction; thus, the N-induced level is likely associated with N
interstitials. PPC is attributed to the photogeneration of carriers from N-induced levels to the conduction-band
edge, leading to a modified N molecular bond configuration. With the addition of thermal energy, the ground
state configuration is restored; the N-induced level is then able to accept carriers and the conductivity decays to
its preillumination value.
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I. INTRODUCTION

In semiconductors, illumination often leads to an increase
in the free-carrier density, a phenomenon termed photocon-
ductivity. Following the termination of illumination, typical
semiconductors experience carrier relaxation on nanosecond
timescales. However, some semiconductors exhibit persistent
photoconductivity (PPC), in which an illumination-induced
increase in conductivity persists after the termination of
illumination,1–3 with relaxation timescales up to hours or
days.4 PPC is often attributed to the photoexcitation of carriers
from a ground state associated with a donor complex to
the conduction-band edge (CBE). The subsequent return of
carriers to the ground state is hindered by an energy barrier as-
sociated with a lattice relaxation needed for the donor complex
to accept carriers. In doped AlyGa1−yAs alloys with y > 0.2,
PPC has been observed and attributed to the photoexcitation
of free carriers from a DX− donor complex, consisting of
threefold coordinated SiGa, to a shallow donor level.5,6 In
the case of InGaAsN alloys, PPC has been attributed to the
photoexcitation of free carriers from N-related deep donor7,8

or acceptor9 complexes with unspecified atomic structures.
Furthermore, in GaAsN alloys, an annealing-induced increase
in carrier concentration and a transition from variable range
hopping to extended band conduction has been explained by a
corresponding decrease in the interstitial N concentration.10,11

Indeed, the concentration and local atomic environment of
solute atoms determine the properties of semiconductor alloys.

In GaAsN alloys, a variety of electronic levels associated
with N pairs and/or cluster states—i.e., N-induced levels—
have been reported.12–22 Furthermore, the CBE of GaAsN has
been reported to vary with temperature;23 thus, the positions
of the N-induced levels with respect to the CBE may also vary
with temperature. It has been reported that the number and
positions of the N-induced levels are dependent on [N].12–16

In the ultradilute [N] regime, single-impurity N levels form
a resonant state above the CBE.24–26 With increasing [N], N
pair and cluster states are apparent,12–18 resulting eventually
in the formation of an impurity band.15,16 Here, we examine
the influence of N incorporation on PPC in GaAsN. PPC is

attributed to the photoexcitation of carriers from N-induced
levels associated with N interstitials to the CBE, leading to a
modification of the N molecular bond configuration. With the
addition of thermal energy, the ground state configuration is
restored; the N-induced level is then able to accept carriers and
the conductivity decays to its preillumination value.

This article is organized as follows. In Sec. II, we describe
the methods used for synthesizing and characterizing the
GaAs(N) films, including molecular-beam epitaxy (MBE),
nuclear reaction analysis (NRA), Rutherford backscattering
spectrometry (RBS), and resistivity and Hall measurements.
In Sec. III, we present NRA data and both the time and
temperature dependence of the GaAsN resistivity and carrier
concentration. In addition, a physical model for the origins
of the PPC effect is proposed. Finally, a summary is given in
Sec. IV.

II. EXPERIMENTAL METHODS

GaAs1−xNx alloy films were grown on (001) semi-
insulating GaAs substrates by MBE, using solid Ga, As2

or As4, Si or GaTe (for n-type doping), and an N2 rf
plasma source. The free-carrier concentrations were 5 to
13 × 1017 cm−3, as determined by Hall measurements in
GaAs control films. The N composition, x, in the GaAs1−xNx

layers was adjusted from x = 0.0013 to 0.032 by varying the
gas flow rate, monitored by the partial pressure of active N,
using a residual gas analyzer, as described elsewhere.10,11,27,28

For all films, a 250-nm-thick GaAs buffer layer was grown
at 580 ◦C, using a growth and annealing sequence described
elsewhere,29 followed by the growth of a 500-nm GaAs(N):Te
or GaAs(N):Si layer in the range 400 to 425 ◦C.28 For
select films, postgrowth rapid thermal annealing (RTA) was
performed from 650 to 780 ◦C for 60 s in an N2 atmosphere,
with a GaAs proximity cap to prevent As outdiffusion.

The N composition and the interstitial N fraction, fint,
were determined using NRA and RBS of GaAsN and GaAs
films in both [001] nonchanneling and channeling conditions.
NRA measurements were performed with the 14N(d,α0)12C
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and 14N(d,α1)12C reactions. A 1.2-MeV deuterium ion beam
was incident on the GaAsN films, and the yields of the
reaction-emitting particles (α0 and α1) were then detected by
a silicon surface-barrier detector located at 150◦ with respect
to the incident beam direction. A range foil of 12-μm-thick
mylar was placed in front of the detector to filter out scattered
deuterium particles.

Using both van der Pauw and Hall bar geometries, variable
T resistivity and Hall measurements were performed from
1.6 K to room temperature. For the PPC effect study, each film
was illuminated using a light-emitting diode (LED) emitting at
945 ± 5 nm. To achieve thermal equilibrium prior to
illumination, the GaAsN films were cooled to and held at
the measurement T for more than 10 min. The films were then
continuously illuminated until the resistivity, ρ, decreased to
saturation. After the LED was switched off, ρ was recorded as a
function of time. To ensure that each set of relaxation data was
obtained with the same initial conditions, the films were sub-
sequently reheated (without illumination) to at least 200 K for
more than 10 min prior to cooling to the next measurement T .

III. RESULTS AND DISCUSSION

A. PPC magnitude and electron-capture barrier

In Fig. 1, we plot the magnitude of the PPC effect, σN
PPC , as

a function of x, measured at 77 K for various GaAs1−xNx :Si
films. We define σN

PPC , the increase in conductivity following
the termination of illumination, normalized to the preillumi-
nation conductivity, as follows:

σN
PPC = σs − σd

σd

, (1)

where σd is the conductivity prior to illumination and σs

is the sustained conductivity obtained 1600 s following the
termination of illumination. The inset to Fig. 1 shows a typical
77-K PPC trace, whereby a GaAs0.985N0.015 film, initially
in the dark, is illuminated until the conductivity increases

FIG. 1. (Color online) PPC magnitude, σN
PPC , plotted as a

function of N composition, x, for GaAs1−xNx :Si films measured at 77
K. Although the PPC effect is negligible for x < 0.006, it increases
with x for x > 0.006. The suppression of the PPC magnitude due
to 763 ◦C RTA on a GaAs0.985N0.015:Si film is indicated by the open
square. The inset shows a typical PPC trace for a GaAs0.985N0.015:Si
film, with an illumination duration from t = 300 to 1000 s.

FIG. 2. (Color online) Examples of persistent photoconductivity
data and analysis for a GaAs0.987N0.013:Te film. (a) The normalized
conductivity, σN

t , with t = 0 defined as the instant of illumination
termination, plotted as a function of time and measured at various
T . (b) Plot of σN

t in the form of a stretched exponential, σN
t ∝

exp[−( t

τ
)β ], where the x intercept at y = 0 is identified as the

characteristic decay time, τ . The inset shows a plot of ln(τ ) vs 1/T ,
from which the electron-capture energy, Ec, is determined.

to saturation. Following the termination of illumination, the
photocurrent persists for more than 1 h. It is interesting to note
that PPC becomes significant for x > 0.006, due to either an
increase in the density of N-induced levels or a change in the
relative energy positions of the N-induced level and the CBE,
with the N-induced level energy entering the band gap.

To extract the energy barrier hindering the relaxation of
photogenerated carriers from the CBE to the ground state of the
N-induced level—i.e., the electron-capture barrier, Ec—the
photocurrent was monitored in 10 K increments from 120 to
160 K; in this measurement T range, the decay timescales
were short enough to be measurable. Figure 2(a) shows a
typical set of time-dependent normalized photoconductivity
data, σN

t , for a GaAs0.987N0.013:Te film, with t = 0 defined as
the instant of illumination termination. The contribution from
photogenerated free carriers, normalized to unity at t = 0,
becomes

σN
t = σt − σd

σ0 − σd

, (2)

where σ0 is the conductivity at t = 0 and σt is the conductivity
at time t .
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We consider the photocurrent relaxation process in terms
of a stretched-exponential expression:

σN
t ∝ exp

[
−

(
t

τ

)β]
, (3)

where τ is the characteristic decay time and β is the decay
exponent. For this approach, the normalized conductivity
is plotted in the form of ln[ln(1/σN

t )] vs ln(t), as shown
in Fig. 2(b), with β ranging from 0.15 to 0.38. At each
measurement T , the available x-intercepts at y = 0 are
identified as τ . To minimize extrapolation errors, this analysis
only includes data sets that intersect the x axis in the plot
of ln[ln(1/σN

t )] vs ln(t). The electron-capture barrier is then
extracted by plotting the T dependence of τ as

τ = τ0 exp

(
Ec

kBT

)
, (4)

where kB is the Boltzmann constant and τ0 is the high T

limit of τ . As shown in the inset of Fig. 2(b), a linear
least-squares fit to ln(τ ) as a function of 1/T was employed to
determine Ec. Similar analyses reveal an Ec value of 280 ±
20 meV for GaAs1−xNx films with x ranging from 0.0075 to
0.019, apparently independent of x. We note that the reported
variation in CBE over our measurement T range (∼10 meV)23

is negligible compared with Ec; thus, any changes in the
alignment of the density of N-induced levels with respect to
the CBE is insignificant. The Ec values for our GaAsN films
are comparable to those of GaAsP films (120 ± 30 meV for Te
doping)30 and AlGaAs films (180 ± 20 meV for Te doping and
330 ± 50 meV for Si doping)5,31 but are lower than reported
values for unintentionally doped (In)GaAsN alloys (664 meV
for x = 0.008, 570 meV for x = 0.013, and 349 meV for
x = 0.018).7–9 Hence, In may increase the electron-capture
barrier in InGaAsN films; the lattice relaxation needed for the
N-induced complex to accept carriers might be inhibited by
the localization of N at In-rich regions.32,33

B. Activation energy

Typically, the energy to thermally activate carriers from
donor states to the CBE is termed Ea . Therefore, to determine
Ea , we consider the temperature dependence of the carrier
concentration for GaAsN films. In addition to N-induced
levels, the doped GaAsN:Te (GaAsN:Si) films have a Te-
(Si-) induced shallow donor level associated with SiGa (TeAs).
Figure 3 shows n vs 1/T for various GaAsN films in
comparison with that of GaAs:Te. Although n is independent
of measurement T for GaAs:Te,34,35 two distinct measurement
T regimes of n are apparent for the GaAsN films. For low-
measurement T , n is independent of T , presumably due to the
low activation energy for the shallow donor levels in GaAsN.35

For high measurement T , n increases exponentially with
increasing measurement T , suggesting the thermal activation
of electrons from N-induced levels to the GaAsN CBE.

To extract Ea , we assume the coexistence of a shallow
donor level and a N-induced level in the context of a two-level
system formalism, assuming that the N-induced level follows
the CBE5

√
n(n − nS) ∝ exp

(
− Ea

2kBT

)
, (5)

FIG. 3. (Color online) Free-carrier concentration, n, as a function
of 1/T for various GaAsN films in comparison with that of GaAs.
For GaAs, n is T independent, while for GaAsN, two distinct regimes
of n are apparent: for high measurement T , n increases exponentially
with increasing T ; for low measurement T , n is T independent. For n

> ns ,
√

n(n − nS) is also plotted vs 1/T in open circles. A two-level
system formalism is then used to extract the energy to activate carriers
from donor states to the CBE, Ea .

where ns is the shallow donor concentration, obtained from an
analysis of ns vs T data in the low measurement T regime. In
Fig. 3, we plot n vs 1/T and overlay this with

√
n(n − nS) vs

1/T (in open circles) for n > ns . Ea values are then extracted
from the slopes of linear least-squares fits of ln

(√
n(n − nS)

)
vs 1/T for n > ns . For GaAs1−xNx alloys with x increasing
from 0.0075 to 0.019, Ea decreases from 105 to 60 meV,
as shown in Fig. 4 . Hence, as x increases, the N-induced
level presumably remains in the band gap and approaches the
CBE. We note that this activation energy is similar to that of Te
donors in GaAsP films (70 meV)30 and also Te and Si donors in
AlGaAs films (100 ± 50 meV)5,31 but is significantly greater
than the activation energy of shallow Te donors (30 meV) and
Si donors (4–6 meV) in GaAs.35,36 In contrast, for AlyGa1−yAs
alloys, the donor state attributed to PPC enters the band gap
for y > 0.20;5 thus, a new PPC mechanism for GaAsN needs
to be identified.

Now, we consider the possible composition and temperature
dependence of the N-induced level energy. For the composition
range x = 0.0075 to 0.019, the observed N composition-
dependent decrease in Ea (∼45 meV) is less than the
reported decrease in the CBE (∼130 meV),16 implying that
the x dependence of the N-induced level may not follow
that of the CBE. For our measurement T range, ∼150 to
300 K, the CBE has been reported to be linearly dependent
on temperature.23 Thus, we consider the extreme when the
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FIG. 4. (Color online) Activation energy from N-induced levels to
the conduction-band edge, Ea , plotted as a function of N composition,
x, for GaAs1−xNx films. The activation energy decreases with
increasing x, suggesting that the N-induced level energy approaches
the CBE as x increases.

N-induced level remains fixed, while the CBE is linearly
dependent on T . We note that the Arrhenius analysis is
insensitive to linear corrections to the energy term; thus,
we conclude that Ea would not be influenced by any T

dependence of the N-induced level energy with respect to the
CBE.

C. Influence of RTA

To elucidate the origins of the PPC effect in GaAsN,
we compare Ea , σN

PPC , and fint before and after RTA. We
note that Ea remains unchanged after RTA for films of
both dopant species (Si vs Te), as discussed in Ref. 11.
On the other hand, an RTA-induced reduction of σN

PPC

FIG. 5. (Color online) Interstitial N concentration vs total N
concentration for GaAs1−xNx films with various N compositions,
x. Linear interpolation of the interstitial N concentration for as-
grown films suggests that approximately 20% of N are incorporated
interstitially, as indicated in the plot. Following RTA, the interstitial
N concentration decreases to ∼10%, while the total N concentration
remains constant to within experimental error. See Ref. 40. See
Ref. 37.

for a GaAsN film is shown in Fig. 1. Hence, σN
PPC is

likely influenced by RTA-induced changes in N incorporation
mechanisms.

We now consider the influence of RTA on N incorporation
mechanisms. In Fig. 5, the measured interstitial [N] is plotted
as a function of total [N] for GaAs1−xNx films with x ranging
from 0.01 to 0.032. The solid blue and hollow red symbols
connected with dashed lines represent GaAsN films before
and after RTA, respectively. For the as-grown GaAsN films, a
linear least-squares fit of the interstitial [N] as a function of
total [N] suggests that approximately 20% of N is incorporated
interstitially, similar to earlier reports.27 Following RTA, the
total [N] remains constant to within experimental error, while
the interstitial [N] is reduced to approximately 10%, possibly
due to the diffusion of interstitial N atoms to nearby As
vacancies.37

D. PPC mechanism in GaAsN

In many doped semiconductor alloys, PPC has been
observed and attributed to the photoexcitation of free carriers

FIG. 6. (Color online) Schematic energy diagram of “ground”
(left) and “photoexcited” (right) states GaAsN. Prior to illumination,
carriers reside in the ground state of the N-induced level. Upon
illumination, carriers are excited from the N-induced level to the
conduction-band edge (CBE), leading to an enhanced conductiv-
ity. Carrier photoexcitation leads to a rearrangement of the N
molecular bonds, with the energy of the photoexcited state of the
N-induced level above the CBE. In order for the photoconductivity
to decay to its preillumination value, the ground state of the N-
induced level must be restored by overcoming the electron-capture
barrier, Ec.
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from a dopant-induced complex to a shallow donor or acceptor
level. In GaAsN, since the RTA-induced suppression of
σN

PPC is accompanied by a reduction in fint, the N-induced
level leading to PPC is likely associated with N interstitials.
Furthermore, Fig. 4 shows that Ea decreases with increasing
x, indicating that the N-induced level energy remains in the
band gap and approaches the CBE as x increases. Thus, the
increase in σN

PPC for x > 0.006, shown in Fig. 1, is due to an
increase in the density of N-induced levels.

We now propose a mechanism for the PPC effect in GaAsN.
As shown in Fig. 6, the Si- or Te-induced donor level, d,
remains near the CBE in both the “ground” (left) and “photoex-
cited” (right) states of GaAsN. On the other hand, the energy
of the N-induced level in the ground (photoexcited) state of
GaAsN is below (above) the GaAsN CBE.38 Photoexcitation
of carriers from the ground state of the N-induced level to
the GaAsN CBE leads to an enhanced conductivity, and also
induces modifications to the N molecular bond configuration.
The photoexcited state of the N-induced level has a higher
energy than its ground state, namely, it is above the CBE.
When illumination is terminated, carriers in the photoexcited
state of the N-induced level are unable to immediately return
to the ground state. With the addition of thermal energy,
Ec is overcome and the ground state configuration of the
N-induced level is restored. The N-induced level is once
again able to accept carriers, and the conductivity decays to
its preillumination value. The molecular bond configurational
change may be a bond reorientation or a shift in the molecular
center of mass. Similarly, two bistable configurations have
been reported for C pairs in Si due to a bond reorientation and
rotation of the C pair.39

IV. SUMMARY

In summary, we have investigated the influence of N
environment on the PPC effect in GaAs1−xNx . For x >

0.006, significant PPC is observed at cryogenic temperatures
with the PPC magnitude increasing with increasing x, due
to an increase in the density of N-induced levels. Since RTA
suppresses σN

PPC and reduces fint, the N-induced level is likely
associated with N interstitials. PPC in GaAsN is attributed
to the photoexcitation of carriers from a N-induced level to
the CBE, leading to a modified molecular bond configuration
of the N-induced level. With sufficient thermal energy, the
original N-induced level configuration is restored, and the
N-induced level is able to accept carriers once again. The
change in molecular bond configuration is likely a bond
reorientation or a shift in the center of mass.
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