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Persistent photoconductivity and optical quenching of photocurrent in GaN
layers under dual excitation
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Persistent photoconductivitfPPQ and optical quenchingOQ) of photoconductivity(PC) were
investigated in a variety ofr-GaN layers characterized by different carrier concentrations,
luminescence characteristics, and strains. The relation between PPC and OQ of PC was studied by
exciting the samples with two beams of monochromatic radiation of various wavelengths and
intensities. The PPC was found to be excited by the first beam with a threshold at 2.0 eV, while the
second beam induces OQ of PC in a wide range of photon energies with a threshold at 1.0 eV. The
obtained results are explained on the basis of a model combining two previously put forward
schemes with electron traps playing the main role in PPC and hole traps inducing OQ of PC. The
possible nature of the defects responsible for optical metastability of GaN is discuss&030
American Institute of Physics[DOI: 10.1063/1.1604950

I. INTRODUCTION centers responsible for the effect involved remains uncertain,

, gallium vacancy Vg, *?*?° nitrogen antisite (M),
Over the last years, spectacular progress was achieved 1n.18,19.24 5, 4 gallium antisite (G@2* being the preferable

fabrication of GaN based short-wavelength light-emitting.gndidates. The issue concerning the major role of
devices™. Besides that, GaN and related compounds offelyactrod81922 or hole®-25 trapping processes in optical

great potential for applications in ultraviolet detectdrand metastability of GaN is also under discussion.

field effect transistors® The existence of metastable defects The goal of this article is to investigate the relation be-
in GaN does not seem to have a negative impact on lightyeen PPC and PC quenching phenomena in n-type GaN
emitters, while the PPC behavior associated with these d%‘pilayers. For this purpose, PPC and OQ of PC were studied
fects can have a significant effect on the characteristics gf, 4 series of GaN epilayers with different carrier concentra-
FET and UV detectors based on AlGaN/GaN heterostruciions, juminescence characteristics, and strains. Sample char-
tures, including sensitivity, noise properties, dark level, andcterization was carried out in the temperature interval from
response spe€d. Persistent photoconductivitPPO proves 10 1 300 K under simultaneous excitation by two mono-

to be inherent to wurtzite-type GaN epitaxial 'ayé_‘*fDif- chromatic light beams of various wavelengths and intensi-
ferent mechanisms were considered as the origin of PPGjeg.

such as defects with bistable charadtet AX, 2 or DX

(Refs. 13 and 1}4centers, random potential fluctuations due

to nonstoichiometry and heterointerfa¢e<® and uninten- Il EXPERIMENT

tionally incorporated cubic-phase crystallites in the hexago- "

nal matrix}’ Other effects related to the PPC, such as yellow  The GaN layers investigated in this study were grown by

luminescenceYL),'*®*time dependent luminescent®'  |ow-pressure metalorganic chemical vapor deposition on

quenching of photocurreft;?>and optical quenching0Q)  (0001) c-plane sapphire or 6H-SIiC substrates using tri-

of photoconductivity(PC 2324 indicate that bistable defects methylgallium and ammonia as source materala. buffer

are the most probable source of the optical metastabilitayer of about 25 nm thick GaN was first grown at 510 °C.

Recently, the OQ phenomena were pointed out to be closelgubsequentlyn-GaN layers were grown at 1100 °C. The

related to the defects responsible for the PPC effécts thickness of the layers varies from several hundreds of na-
In spite of considerable efforts in investigating optical nometers to several tens of micrometers. According to Hall

metastability in GaN, the explanation of the phenomenon igffect measurements, the room-temperature electron concen-

still contradictory. Particularly, the microscopic nature of thetration in specially undoped layers is10*”cm™ 2. Si-doped

samples with electron concentration ranging from®1®

dAuthor to whom correspondence should be addressed; electronic mait0'°cm™* were also used in our experiments. For PC mea-

carlo.ricci@dsf.unica.it surements, ohmic contacts were formed by depositing in-
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FIG. 2. Comparison of the excitonic PL spectra measured at 10 K for GaN
c) 1 layers with different electron concentrations: Sample Nos@lid line),
sample No. 4dotted ling, and sample No. %dashed lingin Table I.
which is of low intensity at 10 K temperature, and it be-
. \ , , i . o comes comparable with the excitonic luminescence at room
0 1000 2000 3000 1.6 24 3.2 temperature. The luminescence spectrum of the highly doped
Time (sec) Photon energy (eV) layer withn=10"cm 2 is predominated by the UV photo-

luminescencéPL) band at 3.27 eV exhibiting phonon repli-
FIG. 1. Right-hand side: The PL spectra measured at 180Kd line) and cas at low temperature and by the vellow band at room tem-
300 K (dashed lingfor three representative 18m thick n-GaN layers with Th IE)’L band 3 2); v y | b di
different electron concentrations: Sample No(@g sample No. 4b), and perature. € and at 3. evis Com_mony. observed In
sample No. 5c) in Table I. Left-hand side: The PC buildup and decay for low-temperature PL spectra of GaN and is attributed to the
the same layers measured at room temperature. donor—acceptor-pair transitions with Si impurity as a

donor?’ Figure 2 presents the PL spectra of the same GaN

dium and annealing the samples at 400°C for 10 s. Th layers in the excitonic region mt_aasured at 10 K. One can see
o at at low electron concentration, the PL peaks associated
radiation from xenon or mercury lamps passed through a . L 0 .
. ) N with the recombination oD"X, X,, and Xg excitons are

monochromator, as well as different lines of an"Aaser, I . .
. . well resolved. With increasing the electron concentration, the
were used for the excitation of PC. The samples were simul-_~". ™ . S
excitonic PL bands broaden and overlap. This broadening is

t?‘”e"us'y irradiated by .tWP beams of“monochrc,J’matlc .radlaéttributed to tailing of the density of states caused by poten-
tion. One beam of radiation, called “source A’, provides

tial fluctuations due to randomly distributed impurities. It can

either intrinsic or extrinsic excitation with photon energy be quantitatively exolained using the impurity band broaden-
hv,>2.0eV. The second excitation source, called “source q y exp g punty

. . > o . ing model proposed by Morgaft?®
B<r'1vpro?ﬂisssg::riﬂzﬁsev)\(/glrt:t:gguvr\:tlgzj E:O:r?g Ceorllgrg&?‘on o{ The energy position of the excitonic PL band is nearly
A . . . . . . .
LTS-22-C-330 workhorselike optical cryogenic system. The he same in the three samples illustrated in Fig. 1 and it is

spifted by ~10meV toward high energies in comparison

measurements were carried out in the temperature Interv‘?}vith the position of respective excitons in non-stressed GaN

from 10 to 300 K. Special care was taken to ensure th(? 30 . . . .
I . ayers:” It means that considerable compressive strains exist
equilibrium value of the dark current in samples before each : :
. in our GaN layers due to the mismatch between epilayers
experiment. . . )
and sapphire substrates. Using the previously reported rates
I RESULTS of the exciton line shifts with the biaxial stress in G&i\the
' strains in our 1.3um thick layers were estimated to be as
The investigated GaN epitaxial layers show pronouncediigh as 0.5 GPa. Note that we have also investigated GaN
PPC independent of the carrier concentration, strain, or lulayers with the thickness ranging from 0.5 to 2éh grown
minescence spectrum. Figure 1 illustrates this observatioon sapphire substrates, as well as layers grown on SiC sub-
for three representative layers grown on sapphire substratestrates. In the last case, the exciton PL band proves to be
The specially undoped laydiFig. 1(a)] with the electron shifted toward low energies indicating that the layers suffer
concentration X 10 cm™ 23 exhibits only excitonic lumines- from tensile strain. Note that we observed no clear correla-
cence at 10 K temperature and an additional yellow PL bantion between PPC and any parameters of the investigated
at room temperature. The moderately doped lakey. 1(b)] layers such as electron concentration, strain, or YL intensity
with electron concentration 210cm 2 shows (YL), (see Table)l
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TABLE |. Parameters of GaN layers studied in this work.
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Shift of the
Sample No. Thickness exciton line  Estimated PCC time
substrate (um)  n(10%¥cm 3 (meV) strain(GPg YL at 300 K Ipc/lgyy  CONStant(s)
1 Sapphire 0.5 0.1 +20 1 compres. weak 0.8 420
2 Sapphire 1.3 0.1 +10 0.5 compres.  very weak 0.6 300
3 Sapphire 1.3 0.6 +10 0.5 compres. weak 0.2 110
4 Sapphire 1.3 2.0 +10 0.5 compres. moderate 1.6 100
5 Sapphire 1.3 10.0 +10 0.5 compres. strong 0.9 90
6 Sapphire 45 0.1 +6 0.3 compres.  very weak 0.7 320
7 Sapphire 20.0 0.1 +2 0.1 compres.  very weak 0.4 210
8 SiC 0.5 1.0 -16 0.8 tensile strong 0.6 420
9 SiC 1.2 1.0 -8 0.4 tensile moderate 1.2 510
10 SiC 1.2 4.0 -8 0.4 tensile strong 0.7 310
11 SiC 4.0 1.0 -4 0.2 tensile moderate 0.3 80

The data presented in Fig. 1 indicate no correlation besponsible for the PPC in these materials. Apart from that, the
tween YL and PPC in our samples. This issue is widely disimechanisms of PPC in AlGaN/GaN heterostructures and
cussed in literature. No relationship has been evidenced byulk GaN could be different. PPC in AlGaN/GaN hetero-
Beadyet al.,’® Hirschet al.,'® and Ptalet al.>* According to  structures is believed to come from tBeX centers in the
other authord®819ppC and YL phenomena in GaN are AlGaN layer?*3'* while in bulk GaN, the preference is
related to each other via an intrinsic defect. Recently, Bogliagjiven to  vacanci€d?*2>31:32  and/or  antisite-type
et al*2found a correlation between transient dynamics of thedefectst®®1%21-240One model was invoked to explain the
PC and yellow PL defects in GaN samples but no correlatiorseparation of carriers from traps by random local-potential
was evidenced between the strength of yellow PL and théluctuations that reduce the recapture rate of the traps and
magnitude of the PPC effect. We consider that a possiblgive rise to PPC%33 The main sources of local-potential
explanation of the scatter in the experimental data is the norfluctuations are the nonuniform impurity distribution in
elementary character of both YL and PPC. It was suggestelighly doped and compensated semiconductors, and the
recently that several electron transitions contribute to the yelstrains in films grown on substrates with high lattice mis-
low PL3! One of these transitions is related to the defectmatch. Since the PPC is observed in layers with different
responsible for PPC, while the other ones are related to adiopant concentrations and strains, we consider that the afore-
ditional impurities or defects. The analysis of the photocur-mentioned mechanism is less probable in comparison with
rent transients in Fig. 1 also indicates the complicated naturthe mechanism involving bistable defects. In order to inves-
of the PPC effect. Our samples prove to exhibit several PP@gate the distribution of the metastable defect energy levels
components. Usually, the PPC decay is described either by the band gap of GaN layers, we have carried out experi-
the Gaussian distribution of capture barrigtsr using the ments by exciting samples with two beams of radiation.
so-called “stretched exponentiat®192°

G(t)=G(0)exd (t/ mppd”], (1) r ' r T T

whereG(0) is the PPC buildup level at the moment of light 4} ~ e - = B =037
excitation being removed;ppc is the PPC decay time con- _
stant, andB is the decay exponent. — =026

At least two components are necessary for a satisfactory
stretched exponential fit of the PPC decay in our samples.
Figure 3 illustrates this observation for the PPC decay mea-
sured at room temperature in a specially nondoped GaN
layer. The experimental data are better fitted with the value
of B equaling 0.26 at the decay time up to 1000 s. This value
of Bis very close to that reported by Et al'? and Cheret
al.'31° At decay times higher than 1000 s, better fit is
achieved with=0.37 that corresponds to the value found

N
Y

.......
.,
> .

by Qiu and Pankov& Note that two-time regimes of PPC in
GaN were recently attributétito different charge states of
the same native defect which can trap carriers with different
release times.

The PC decay and the transient dynamics of the PC in
GaN and related compounds is well

Photocurrent (arb. units)
o

10° 10°

10",

10° 10° 10

Time (sec)

FIG. 3. Experimental PPC decay at 300 K and stretched exponential fit for

-\ ~13,14,16,18,19,24,25,31,32 : .
StUd|e_d- However, as mentloned n Se(_:- |, a specially nondoped GaN layésample No. 2 in Table)! Inserted is the
there is no general consensus concerning the mechanism r&me in a double logarithmic scale.
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FIG. 5. The PC kinetics in a GaN lay&ample No. 4 in Table) Isubjected

for a period of time to simultaneous excitation with two beams of mono-
] chromatic radiation at 300 K. The A beam corresponds to 365 nm line of a
C) mercury lamp, while the B beam is the 514 nm line of ar Aaser. The
arrows indicate the evolution of the PC by increasing the intensities of the B
beam(a) and A beam(b).

Photocurrent (arb. units)

a value appreciably lower than that observed when applying
— 1 only the intrinsic A excitation, see Fig(3.

t * * In the case of simultaneous excitation with sources A
and B, the B excitation leads to partial quenching of PC
d) | induced by the A excitatiorisee Fig. %a)]. On the other

hand, the A excitation always contributes to PC but never to
quenching[see Fig. ®)]. The character of the contribution
of the sources A and B does not depend upon the sequence of
illuminating the sample with light beams. In Figiah the A
beam is applied to the sample first, and the subsequent exci-
tation with the B beam induces OQ. In Fig. 6a, on the con-
. . a trary, the excitation by the B beam is applied first, it being
0 1000 2000 followed by the switch on of the A beam. In such a case, the
OQ is evidenced once again when switching off the B beam.
The sequence of illuminating the sample with A and B light
FIG. 4. PPC kinetics under excitation with 365 nm line followed by the b€ams is opposite in Figs(§ and @b), nevertheless, the A
illumination with the 546 nm line at 300 Ksample No. 4 in Table)l The beam leads to PC in both cases.
intensity of the 365 nm beam is the same(@(d), while the intensity of Figure 7 presents the spectral distribution of the PPC and
the 545 nm beam is zero {a) and increases frorb) to (d). OQ of PC measured in sample No. 2 at room temperature.
The PC was excited by Xe lamp light passed through a
monochromator. In the OQ experiments, the PC is excited by
Figure 4 illustrates the PPC dynamics in the GaN layeithe 365 nm line of a Hg lamp as primary source, and the OQ
No. 4. Note that the trends discussed next for this sample aiis induced by the Xe-lamp light passed through a monochro-
inherent to all specimens from Table I. After illumination mator as secondary source. The PPC is observed for photon
with intrinsic excitation by the 365 line of xenon lanfpx-  energieshv,>2.0 eV[Fig. 7(@)]. The OQ occurs for photon
citation A), pronounced PPC is observgelg. 4@)]. In Figs.  energies 1.0 e hvg<2.6 eV[Fig. 7(b)]. As just mentioned,
4(b)—4(d), the intrinsic excitation is followed by the extrinsic the OQ is inherent to all specimens from Table I. It occurs in
one with the 546 nm lingexcitation B. The intensity of the the temperature interval from 10 to 300 K providing that the
365 nm excitation is the same in all cases, while the intensitphoton energies of the light sources satisfy the relatiéns:
of the 546 nm excitation increases from Fig&)4o 4(d). As  hv,y>2.0eV; (ii) 1.0eV<hpg<2.6eV; (ii) hvg<hw,.
can be seen, the extrinsic B-excitation leads again to PClhe photon energy interval of B excitation can be divided
However, when the B source is turned off, the PC decays tinto two parts. The B excitation always leads to OQ for

Time (sec)
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FIG. 6. The same as Fig. 5, but with inverse order of applying the excitation 0 B ¢
beams. F/—
100 d)
photon energies 1.0e¥hvg<<2.0eV, while for 2.0eV
<hpg<2.6€eV, an additional condition should be satisfied 50
for OQ to occur, namely the intensity of the B beam should >> |
be lower than a criticall) value. When this condition is not B ¢
satisfied, the B excitation induces PPC rather than (62 0
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FIG. 7. Spectral dependence of the P@Cand OQ(b) measured in sample
No. 2 at 300 K. The spectral resolution+s20 meV.

FIG. 8. Effect of the excitation density of secondary sou&®4 nm line of

an Ar" laser, source Bon the PC generated by a primary sou(865 nm

line of a mercury lamp, source)An sample No. 4 at 300 K. The sample is
illuminated by the primary source during the period of time from 0 to 250 s.
The zero level of photocurrent axis corresponds to the stationary PC induced
by the A beam.

IV. DISCUSSION

Several studies have been performed to explain the ori-
gin of OQ, PPC, and YL in GaN. According to some
modelst®*®1®PPC and YL may be attributed to the same
defects. Linet al.?* proposed that the origin of OQ is closely
related to those defects, too. Nevertheless, the situation re-
mains uncertain and rather confusing. Particularly, different
schemes concerning the major role of electfdr?? or
hole®®~253132¢raps in these processes are currently under
consideration. The microscopic nature of the defects respon-
sible for the phenomena involved is also under discussion.
The reported values for the threshold photon energy to ob-
serve PPC vary in a rather wide spectral range from 1.1 eV
(Refs. 25 and 3)lto 2.3 eV(Refs. 18 and 1P The analysis
of the spectral distribution of the OQ suggests that the phe-
nomenon is related to defects with energy levels distributed
from 0.9 to 2.6 eV above the valence b&fAdrhe broad
spectral range of photon illumination leading to PPC and OQ
phenomena is strong evidence that not a single defect is re-
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CB Yy than that observed by Chest al.'81° After an electron is
excited from the defect level to the conduction band, the
deep center can undergo a large lattice relaxation, which cre-
ates an energy barrier to prevent the photoexcited carrier
from returning to the original state, thus, the PPC effect oc-
curs[see the configuration-coordinate diagram in Fign)P

The OQ effects appear to occur in accordance with the
scheme proposed by Qiu and Pankd\and Linet al®* with

the hole traps playing the major role. The spectral distribu-
tion of the OQ effect with the threshold at 1.0 eV is indica-
tive of the existence of a defect level also broad in nature and
VB oQ located approximately &,+ 1.0 eV with a maximum in the
distribution of density of states &, + 1.2 eV[see Fig. 8a)].
When the GaN sample is illuminated by photons with rel-

2.2eV
2.0eV

PPC

3.4eV
[
g

26eV

1.2eV

1.0 evl

B metastable evant energies, the electrons from the valence band are ex-
stable cited into the hole trap. Subsequently, the defects that trap
\ electrons relax into a configuration which generates an en-
ergy barrief see the configuration-coordinate diagram in Fig.
> 9(b)], and the recombination of the trapped electrons with
% 2 b) the released holes is prohibited, thus, the released free holes
hg e can recombine with electrons from the conduction band
2 - which leads to the quenching of PC.
The situation is relatively simple whéww,>2.0eV and
R PPC 1.0eV<hvg<2.0eV. In such a case, the A excitation ex-
cites the PPC, while the B excitation quenches it, i.e., in-
- duces OQ. Whehvg>2.6 eV, both light sources contribute
E Configuration Coordinate ~ Q to the same process of exciting PPC, and no OQ occurs. The

total . .
stable occurring processes are more complicated when the B-source

quanta energy lies in the interval 2.0€Wirg<2.6eV. In

| . ; .
metastable such a case, the A source continues to excite PPC, while the
B source can contribute to the excitation of both the PPC and
OQ. Several factors then determine the process prevailing
oQ ' factors then dete oce !
C) under B excitation{i) the intensity of the excitation beams;

(i) the distribution of the density of states of the two types of
defects; andiii ) the rates of the PPC and OQ processes. The
5 meV 4 meV behavior of our samples under the B excitation indicates that
the density of states of the defects responsible for the OQ is
lower than that inherent to defects inducing PP@e Fig.
Configuration Coordinate @ 9(a)], while the rate of the OQ process is higher than the rate

_ o __of the PPC process. In such a case, the OQ predominates
FIG. 9. Scheme of the density of state distribution and electron transitions h the B int ity is | th itica
accounting for PPC and OQ effects in GaN layéas. Configuration- when the B-source intensity is lower than a critical)(

coordinate diagram of the defects responsible for RBCand 0Q(c) in  Vvalue. With increasing the B-excitation power density (
GaN layers. >1.), a saturation effect occurs in the filling of the states

responsible for OQ phenomena which leads to the predomi-

nation of the PPC over the OQ. In the intermediate case
sponsible for the optical metastability of GaN. On the basisvhen Ig~1., the excitation channels compete with each
of the obtained experimental data, we suppose that at leasther resulting in transient instabilities as illustrated in Fig. 8.
the defects responsible for PPC are different from those re- Note the interesting behavior of the sample when the A
lated to OQ. The PPC is excited according to the schemexcitation is followed by the B onésee Fig. 4. After the A
proposed in Refs. 10,18,19 and 22, in which the electrorexcitation, a part of the defects responsible for the PPC are in
trapping processes play the main role. The excitation of PP@he metastable state undergoing a large lattice relaxation. Un-
over a broad range of photon energies starting from 2.0 eV iler the action of the subsequent B excitation, these defects
our experiments indicates that PPC is related to a defect levalre reconfigured to the original state and the PC decays to a
which is broad in nature, and is located approximately atalue appreciably lower than that induced by only A excita-
E.—2.0eV with a distribution of states due to its complex tion. Since the B excitation in Fig. 4 satisfies the condition
structure. The maximum in the distribution of density of 2.0 eV<hvz<2.6eV, the sample exhibits some instabilities
states is located ne&r,— 2.2 eV[see Fig. 8a)]. The thresh- as just discussed.
old of PPC excitation in our experiments is higher than that  Let us discuss now the possible nature of defects giving
reported by Reddet al'® and Chunget al.?? but is lower  rise to the PPC and OQ phenomena presented in this work.
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10° —r . . . i V. CONCLUSION
» AE__(decay) = 120 meV Since no correlations were found between the magnitude
10*t a AE,, (buildup) = 150 meV 4 of the PPC effect in GaN layers and the potential fluctuations

generated by the nonuniform impurity distribution and
strains at heterointerfaces, the bistable intrinsic defects are

10°t 1 believed to be the origin of optical metastability in gallium
nitride.
102 * AE,(decay) = 4 meV ] The relation between PPC and OQ of PC evidenced in
o AE  (buildup) =5 meV experiments with two simultaneously applied sources of

Time constant (sec)

\1

monochromatic excitation are best described by a model
combining two previously suggested schemes of PPC and
OQ processes. The PPC effect is associated with electron
v L v 4 traps located aE.—2.0eV, while OQ of PC arises from
5 10 16 20 25 .
1 hole traps with the energy level negy+ 1.0 eV. The energy
1000/T (K™) range of quanta exciting both PPC and OQ of PC reflects the
FIG. 10. The Arrhenius plot of the time constants for the PPC and oQProad distribution of the density of states due to the complex
effects. The straight lines are the linear least-squares fit of the experimentslature of the defects giving rise to optical metastability in
data. GaN. The nonelementary character of the PPC and OQ decay
are indicative of multiple charge states of defects responsible
for PPC and OQ effects. The analysis of the energy barriers
Eetvveen the stable and metastable states shows that the de-

Our results indicate that the defects responsible for the PP]c iated with f d h
and OQ effects are broad in nature in agreement with previ-eCt associated with PPC effect undergoes a much larger

ous observation¥2*The steady increase of the photocurrentstructural transformation than the one related to OQ phenom-
over a broad range of photon energies is in contrast with th&Na- Taﬁgg into account the results of pre\_/ious thepretical
photocurrent rise expected for tBeX or AX centers. If PPC studies;*~**we suggest that the deep defect involved in PPC
is related to DX -centerlike defect, a steep rise in the pho- is related to the nitrogen antisite, while the defect responsible

tocurrent should occur when the photon energy equals thfé')r OQ can be attributed to the gallium vacancy.
ionization energy of the defect. Hence, BX centers as the

origin of PPC and OQ effects in our samples are less prob-
able. According to the previous repotfsié:192425.313%5,.  ACKNOWLEDGMENTS
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