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Negative photoconductivity (NPC), up to room temperature, has been observed in small band gap and
degenerate (n-type) indium nitride (InN) thin films with superband-gap excitation of 2.3 eV. Samples investi-
gated above 160 K showed bipolar behavior of photoconductivity with a fast positive response due to photo-
generated electron and hole conduction in the valence and conduction band, respectively, followed by a slow
relaxation below the dark-current background. However, below 160 K, the transient photoresponse was abso-
lute negative with similar relaxation times. Hall measurements, under illumination, showed an increase in
carrier density (n), but severe scattering in the charged recombination centers lowered the mobility (u) and
consequently a net nu product controlling the PC. The NPC phenomenon in the degenerate system, not limited
to InN, has been modeled on the basis of electronic scattering in the conduction band as against gap state

transitions that controlled it in conventional nondegenerate semiconductors with subgap excitation.
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Indium nitride (InN) is an important member of the group
II-V semiconductor family that is well known not only for
their light-emitting properties but also for the emission tun-
ability, over a broad spectral range, through band-gap engi-
neering. The growing acceptance of the low band gap (0.6—
0.7 eV) of InN is accompanied by the fact that it has the
lowest effective mass of electrons and a resultant high mo-
bility (u~4400 and 30 000 cm?/V s at 300 and 77 K, re-
spectively, for 2H InN) among all III-nitride semiconductors.
The optical and transport properties gain significance more
because InN is naturally n-type and degenerate. These inter-
esting transport properties in InN can now be augmented
with the observation of negative photoconductivity (PC) in
it. Negative PC (NPC) is known to occur in low-band-gap
semiconductors with activator impurities, such as gold-doped
germanium,' as a result of sub-band-gap illumination. Al-
though the first direct evidence of NPC came around 1954,
the scientists were in pursuit from 1951.23 Since then, it has
been a rich history in NPC in semiconductors, such as Au-Ge
alloys,! Co-doped silicon,* n-InP InAs,® p-InSb,” CdSe,®
n-PbTe,” and y-In,Se;,'? dealing with trap levels in the band
gaps. Impurity-related photoabsorptions allowing electronic
transitions between localized or extended states have been
employed to explain the phenomenon. However, the subject
is still in focus with recent studies in group III-V
semiconductors'' and quantum well heterostructures.'>~!# Al-
though the NPC effect in thin films is explained predomi-
nantly using electronic transitions,'> that in heterostructures,
such as Ge/Si type II quantum dots,'* are based on tunneling
of holes into the well or dot and trapping of electrons at the
interface of the heterostructure thereby reducing the density
of free electrons available for conduction.

Here we report on the observation of NPC in epitaxial
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degenerate InN within the temperature range of 77 K<T
=300 K with unconventional superband-gap excitation. The
origin of the NPC mechanism in degenerate InN is compared
to conventional nondegenerate systems using sub-gap exci-
tation, utilizing data from standard four-probe and photo-
Hall measurement techniques. The distinction in the
temperature-dependent PC transients in InN has been mod-
eled qualitatively using electronic band transitions.

InN thin films, under investigation, were deposited at
550 °C via plasma-assisted molecular-beam epitaxy
(PAMBE),'® using commercial c-sapphire/c-GaN (2 wum) as
substrates. Van der Pau or the four-probe method was used
for the Hall carrier concentration (7), mobility (), and pho-
tocurrent measurements on the samples. Coplanar Ohmic
contacts of evaporated metallic In were made, using a
shadow mask, on the InN film and subsequently soldered to
a gold wire for PC measurements [inset, Fig. 1(a)]. The
samples were loaded into a cryostat cooled to liquid-nitrogen
temperatures and evacuated to 107 Torr. A continuous-
wave (CW) excitation of 100 mW (8.5 W/cm?) Nd:yttrium
aluminum garnet (YAG) laser (532 nm/2.33 eV) was used. A
semiconductor characterization system'” (Keithley 4200-
SCS) was utilized to measure the currents under 0.1 V exter-
nal bias. Hall measurements were done in a conventional
home-built system utilizing a 0.7 T electromagnet generating
uniform magnetic field over 8 cm diameter. The temperature-
controlled sample chamber was equipped with a quartz win-
dow for external oblique illumination. Band edges of the InN
samples were estimated from optical-absorption measure-
ments using Jasco V-57 UV/Vis/NIR spectrophotometer.

1.1-um-thick InN thin films,'¢ having 0.7 eV absorption
band edge at 300 K and carrier density (n) of ~3.85
X 10" cm™, are the subject of this investigation. Figure 1(a)
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FIG. 1. (a) Steady-state dark and saturated photocurrents mea-
sured in InN sample as a function of temperature. A schematic of
the sample geometry is shown in the inset. (b) Single cycle photo-
current transient response of InN measured at different temperatures
with illuminations on and off marked by | and T, respectively, on
the time axis. Steady-state dark-current and saturated photocurrent
values are shown by the dashed lines for the measurement at 78 K.
The absolute dark () and photocurrent (@) values could be esti-
mated from (a) (shown also by the dashed lines). Similarly, the
absolute current values could be estimated from (a) for all measure-
ment temperatures. All photocurrent transients are shifted vertically
for clarity. The vertical axis in (b) does not represent absolute cur-
rent values. Note that the saturated photocurrent is user defined.

shows the variation of dark and photocurrent!” in InN, as a
function of temperature (7), measured by the four-probe
method with a sample geometry shown in the inset. InN
demonstrates a metallic behavior in the dark due to its inher-
ent degeneracy. Interestingly, it shows a distinct drop in pho-
tocurrent with respect to the steady-state dark current at all
temperatures within 77 K<7=300 K. This is the evidence
of NPC with superband-gap excitation in InN. The tempera-
ture dependence of the PC transients is shown in Fig. 1(b)
that demonstrates similar overall negative photoresponse but
with two characteristic differences above and below 160 K.
This behavior is cyclic and repeatable over several on-off
cycles.!®

Macroscopically, a faster decay of the PC and faster re-
covery of the persistent NPC to the steady-state dark-current
value was observed at lower temperatures than at higher tem-
peratures. However, both relaxations have a time scale of
seconds. Such long relaxation times are quite common in
materials that demonstrate a defect-induced NPC.%!>!19 Mi-
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FIG. 2. Higher time resolved photocurrent transient response in
InN thin film sample after illuminations [(a)—(c)] on and [(d)—(f)]
off, measured at different temperatures.

croscopically, the finer details of the PC transients, instanta-
neously after the on [Figs. 2(a)-2(c)] and off [Figs.
2(d)-2(f)] states of illumination, show distinctive behavior at
low and high temperatures. At lower temperatures
(<160 K), one observes an absolute NPC with two relax-
ation times, fast at the onset of illumination and then a rather
slow decay to saturation [Fig. 2(a)]. For T<160 K, the per-
sistent NPC recovered to attain the steady-state dark-current
values in approximately ~24 s after the illumination is shut
off [Fig. 2(d)]. In contrast, at higher temperatures
(>160 K) with illumination on, we observed an instanta-
neous positive current [Fig. 2(c)], which saturates in
~300 ms and its magnitude increasing with 7, followed by
a slow decay to the NPC regime [Fig. 2(c)]. This is followed
by a similar recovery to the steady-state dark-current value
[Fig. 2(f)] in ~32 s after the illumination is shut off. The
small bumps in the PC transients instantaneously after illu-
mination is on [Fig. 2(c)] or off [Fig. 2(f)], for T>160 K,
are due to photogenerated electron and hole conduction in
the conduction and valence band, respectively, of InN as we
will see later. At T=160 K, only the slow decay to the NPC
regime was observed with no positive photocurrent [Fig.
2(b)]."® Consequently, no bump in the transient response
showed up when the illumination was shut off [Fig. 2(e)].
The long-time scales of PC decay and recovery to the steady
state could have been an artifact of increased temperature
upon laser irradiation. To estimate the local sample tempera-
ture, ambient (300 K) micro-Raman spectroscopy was per-
formed with a similar Nd-YAG laser (focused to a 2 um
spot size) with tunable power density. The ratio of the Stokes
and anti-Stokes lines [E, (high) at 491 cm™!] yielded a tem-
perature increases of 40 and 32 K when laser power densities
of 2.5 and 2.2 MW/cm? were used, respectively. No anti-
Stokes line could be observed with a laser power density of
3X10* W/cm?. Power-dependent PC transient measure-
ments (Fig. 3) were carried out at room temperature for cor-
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FIG. 3. Power-dependent PC transients of InN thin film carried
out at 300 K. The vertical axis corresponds to the ratio of instanta-
neous current (photo or dark) to the steady-state dark current. Illu-
minations on and off are marked by | and T, respectively, on the
time axis. Note that the saturated current ratio (I/1,,,) is user
defined.

roborative evidence. At even 20% of the total power density
(i.e., 1.7 W/cm?), the NPC was clearly observed. Consider-
ing the bulk thermal-conductivity values for InN and the
sample geometry used, a temperature change of ~10 K
could be estimated over 50 s, assuming 100% radiation ab-
sorption (neglecting power attenuation and reflection losses).
However, for the dark conductivity to approach the lower
photoconductivity values, temperature increases of >30 K
and ~20 K were required for the low (<160 K) and high
(>160 K) measurement temperatures, respectively [Fig.
1(a)]. At lower incident powers, the temperature change will
be much lower than 10 K, but NPC was still observed (Fig.
3). In addition, the NPC signal is observed within millisec-
onds of laser irradiation [Fig. 2(a)]. Hence, the NPC signal is
not a predominantly thermal artifact since any temperature
change in the InN sample with 8.5 W/cm? radiation can be
considered insignificant. However, small it may be, the ther-
mal contribution, especially to the long tail of the transient,
cannot be separated, from the optical effects, or ruled out in
our study.

The nature of this PC variation is similar to several ma-
terials that demonstrated NPC, such as Co-doped silicon,?
¥-In,Se;,'? and heterojunction-type devices.!> However,
those materials were nondegenerate and showed NPC under
subband-gap illumination. In contrast, this study involved
degenerate InN with superband-gap illumination which
should logically increase n in the conduction band (E) pro-
ducing a positive PC, however small (in magnitude) it may
be. Hall measurements (Fig. 4) did show an increase in n
under illuminated conditions than in the dark at all measure-
ment temperatures [Fig. 4(b)]. Interestingly, however, u
showed a decrease under illuminated conditions [Fig. 4(c)] at
all temperatures and so does the product nu [Fig. 4(d)] that
controls the overall PC. This is indeed possible in degenerate
InN due to large electron scattering in charged recombination
centers. This is where the NPC in InN significantly differs
from the conventional nondegenerate systems reported ear-
lier. In addition, the temperature-dependent features of the
transient PC response also required a modeling involving
electron band transitions that was used to explain the NPC in
the nondegenerate systems.
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FIG. 4. (Color online) (a) A schematic of the Hall measurement
setup using a 532 nm laser as excitation (photo-Hall measurement).
(b) Free carrier density (n), (c) mobility (u), and (d) the product
og=enyu, e being electronic charge, measured as a function of tem-
perature under dark and illuminated conditions using the photo-Hall
setup. Error bars in (b) and (c) represent scatter of data over ten
separate measurements.

In order to explain the features in the transient photore-
sponse, one has to assume an energy-band model (Fig. 5) for
low band gap and degenerate (high carrier concentration)
InN with the Fermi level (Ep,) inside the E. InN is unin-
tentionally doped and contains random impurities, such as
oxygen, in addition to inherent electronic or structural de-
fects expressed as states within the band gap and band
tails.?2*> We assumed recombination centers (Eg) in the
band gap (0.7 eV) of InN. Presence of states above the E

minimum?* may also play some role in containing the n
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FIG. 5. Energy-level diagrams showing electronic transitions
responsible for the photocurrent transient response shown in Figs. 1
and 2. (a) At T>160 K and (b) at T<160 K for degenerate InN
sample with superband-gap excitation. (c) A general energy-band
diagram for InN illustrating different band positions.
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value. In this scheme, Ef, and Ep, represent the electron and
hole quasi-Fermi-level, respectively. Light can excite the
electrons from the valence band (Ey) [process 1, Fig. 5(a)],
leaving holes behind which diffuses along with electrons in
the conduction band [processes 2 and 3, Fig. 5(a)] therein to
produce the positive PC. The diffusing holes will recombine
at Ep [process 4, Fig. 5(a)], making them positively charged
scattering centers for the electrons. At high temperatures
(T>160 K), the hole quasi-Fermi-level, Ej,, is pushed in-
side Ey enabling the holes to conduct easily before being
captured at Ey. The rate of hole trapping at £y being slower
at high temperatures, an instantaneous positive PC, is ob-
served due to the photogenerated electrons in the E.. With
time, scattering at charged Ej reduces electron mobility re-
sulting in NPC. However, at low temperatures (7<<160 K),
the Ep, is in the gap, (for example, at 10 K, Ef, is 7 meV
above Ey, Figs. 5(b) and 5(c)] (Refs. 20 and 25) and the
nonequilibrium holes localize quickly at Ep and Ej, [pro-
cesses 4 and 6, Fig. 5(b)] and an instantaneous NPC is ob-
served. When processes 4 and 6 dominates over processes 2
and 3 [Fig. 5(b)], the positive PC is suppressed, especially
for T<160 K. Hence, the temperature-dependent hole trap-
ping at Ey and tail states near Ej, are key to this phenom-
enon. The negative difference in the nu value, under illumi-
nated and dark conditions, exceeds the photogenerated
carrier contributed positive PC at any given temperature,
within the range studied, and results in NPC. In contrast, to
explain NPC in conventional nondegenerate semiconductors,
at least two gap states, donor and acceptor type, filled or
partially filled, had to be introduced.* In nondegenerate semi-
conductors, electrons de-exciting from E [process 4, Figs.
5(a) and 5(b)] limits the buildup of n in E, thereby slowly
saturating the nu and the resultant NPC.
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With illumination turned off, the photogenerated current
contributing to the positive PC decays causing a further drop
in the net conductivity. This feature is clearly seen only for
T>160 K (say 240 or 300 K) where the photocarrier-
assisted positive PC was observed [Fig. 2(f)]. Hereafter, the
remaining nonequilibrium electrons in E. decays persistently
[process 5, Figs. 5(a) and 5(b)], with a longer time scale,
recovering the current to the initial (dark) steady-state level.
At low temperatures, this recovery process may be faster
[Fig. 1(b)]. A qualitative modeling of the observed data is
hence achieved through the abovementioned mechanism.

In conclusion, we observed negative photoconductivity up
to room temperature in degenerate n-type InN thin films with
superband-gap excitation. Hall measurements, under illumi-
nation, showed that a scattering-induced decrease in carrier
density and mobility product contributed to the negative pho-
toconductivity compared to the dark. The transient photocur-
rent response indicates that the contribution of positive and
negative photoconductivities comes through photogenerated
carriers in the continuous bands above 160 K and electron
scattering in the charged recombination centers, respectively.
This is in contrast to the gap state transitions responsible for
negative photoconductivity in conventional nondegenerate
semiconductors that employed subgap excitation. The pro-
posed model could explain the observed negative photocon-
ductivity results satisfactorily in degenerate InN system in
particular and most likely other degenerate systems in gen-
eral.
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