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In undoped semi-insulating GaN samples grown by metal-organic vapor phase epitaxy on sapphire, the
recombination and quenching processes were investigated for the main deep traps responsible for quenching. A
comprehensive picture is obtained by using different complementary techniques of thermally stimulated cur-
rent spectroscopysTSCd. Three traps—Q1, Q2, andQ3—were separated in the temperature region between
200 and 300 K. Variations of the excitation and the cleaning temperature suggest a two-step trapping process
of the defectsQ2 andQ3. Quenching experiments evidence the involvement of these traps in the quenching
process and the existence of two metastable states. These results are summarized in a model involving two
metastable states and a complex two-step recharging trapping process.
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I. INTRODUCTION

GaN is a well-established material in devices such as blue
laser diodes or high-frequency and high-temperature transis-
tors. In these applications, important parameters such as the
free-carrier concentration, the recombination rates, or the fre-
quency response are strongly influenced by deep point de-
fects. In particular, recharging effects of metastable or mul-
tiple charged states create persistence or quenching
phenomena of important device parameters.1 Therefore,
knowledge and understanding of the dynamics of traps is
crucial. We, and others, investigated the trapping kinetics of
some of these traps as well as the quenching phenomena
caused in semi-insulating undoped GaN layers using the
technique of thermally stimulated currentsTSCd.2–4 Never-
theless, the traps involved in the quenching process have not
been analyzed in detail up to now. In this work, we suc-
ceeded in isolating and characterizing the defects involved in
these processes using different complementary techniques of
TSC. We present a comprehensive model for the complex
recharging mechanism.

II. EXPERIMENT

All samples were grown by metal-organic vapor phase
epitaxy ons0001d sapphire substrates with an optimized AlN
seed layer and are nominally identical. They are all semi-
insulating having a specific resistivity of above 104 V cm
ssamples no. 1, no. 2, and no. 3d and photoluminescence
linewidths below 3 meV at 4.2 K. Because of their slightly
different quenching behavior, they are numbered no. 1, no. 2,
and no. 3.

dc-sputtered and consecutively annealed Al layers and dc-
sputtered Pt layers were used as contacts in coplanar arrange-
ment.

Deep defects were investigated by TSC using different
excitations schemes. In conventional TSC, the sample is ex-
cited at 80 K by a low-pressure Hg lamp with a short pass

filter at 335 nm sknown as uv excitation–above-band-gap
lightd and subsequently heated up to 450 Kssee Table I
conventional procedured. For the separation of different
trap emissions resulting in superposed TSC peaks, we used a
cleaning procedure as described in Ref. 5 consisting of the
following steps: uv excitation at 80 K to photocurrent
saturation, heating up to a temperatureTann near the peak
maximum of the trap emission of interest, subsequent cool-
ing down to 80 K, and heating up once more to 450 K but
without optical excitationssee Table I, cleaning procedured.
To investigate the trapping kinetics, a second excitation for
30 s at a defined temperaturesTexcd was realized with uv
light. This second excitation scheme consists of the follow-
ing steps: uv excitation at 80 K to photocurrent saturation,
heating up toTexc; second uv excitation, fast cooling down
back to 80 K, and heating up to 450 K without illumination
ssee Table I, second excitation uvd. In this way, we get infor-
mation on whether and how high-temperature thermal emis-
sions are influenced by the draining of low-temperature
traps. Simultaneously, the activation energy can be deter-
mined by the initial rise method described in Ref. 5 if the
TSC peaks are thermally cleaned from other superposed
emissions at the low-temperature sidesdescribed as frac-
tional TSC in Ref. 6d. The heating rate was constant at
0.18 K/s in all procedures.

For quenching experiments, the samples were excited by
the uv lamp and a subsequent illumination with a 690 nm
laser diodesbelow-band-gap light at 1.8 eVd for 3 min at the
same temperature of 80 K followed by a conventional heat-
ing up to 450 Kssee Table I, quenching procedured. Further-
more, a second excitation with a 675 nm laser diode was
applied at variable temperaturesTexc as described abovessee
Table I, second excitation quenchingd. The thermal activation
energiesEa of the TSC traps were determined by several
methods. The initial rise method uses the slope of the peak
versus 1/kT, whereas in the heating rate method the activa-
tion energy is obtained from the Arrhenius plot lnsTm

4 /bd
versus 1/kTm assuming a monomolecular recombination.
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The peak position method uses the relationTm
4 /b

,expsEa/kTmd and needs only a conventional TSC spec-
trum. All methods are discussed in detail in Ref. 5.

III. RESULTS AND DISCUSSION

In Fig. 1, an unquenched and a quenched TSC spectrum
of the SI sample no. 1 are shown. In the unquenched TSC
spectrum, we can distinguish four different regions of ther-
mal emissions. RegionT1 between 80 and 120 K is charac-
terized by thermal emissions with activation energies below
200 meVsdescribed in Refs. 2 and 4 in detaild. A broadband
T2 follows it between 120 and 200 K that corresponds to
emissions with activation energies between 0.23 and 0.32 eV
as reported in Ref. 7. In the thermal regionT3, all trap emis-
sions are superimposed and broadbands are observed. In this
rangeT3, several traps were observed in Ref. 8 with activa-
tion energies at 0.45 and 0.56 eV. At about 300 K, the TSC
signal decreases followed by the regionT4, where the signal
rises again indicating further traps.

The quenched spectrum in Fig. 1 was obtained by using a
further excitation at 80 K with below-band-gap lightsred
light at 675 nm=1.8 eVd, which generates a decrease of the
peak heights in the whole TSC spectrum. The most remark-
able quenching is observed in the temperature regionT3 sde-
scribed also in Ref. 2d. Therefore, in the following, this re-
gion will be investigated in detail.

A. Peak separation by cleaning procedure and trap kinetics
in the T3 region

One problem is the superposition of various peaks. For
separation, the peaks were cleaned by heating up to a tem-
peratureTannbetween 200 and 275 Kscleaning procedured as
shown in Fig. 2sleftd. In this way, the low-energy traps were
drained and the interesting peaks could be observed without
interference. Three peaks labeled asQ1 at 215 K, Q2 at
255 K, andQ3 at 290 K sFig. 2, rightd can now be distin-
guished. Under these conditions, the peak heights of emis-
sionsQ2 andQ3 increase with increasingTann between 80
and 250 K. These emissions were further investigated by the
second excitation procedure with the uv lampsabove-band-
gap light, 30 sd at 170 K,Texc,225 K to support the sepa-
ration of the peaks. This effect is shown in Fig. 3sleftd for
the SI sample no. 2 for different temperaturesTexc. As in the
cleaned spectra of Fig. 2, an increase of theQ2 andQ3 peak
heights with increasing excitation temperatureTexc is ob-
tained, which show similar behavior to the main traps in
Refs. 9 and 10 where a second excitation procedure and an
excitation at different temperatures were used, respectively.
Furthermore, the peak heights ofQ2 andQ3 change differ-
ently with annealing and excitation temperatures. Therefore,
the ratio between the peak heights ofQ2 sat 270 Kd andQ3
sat 290 Kd, defined asQ2/3, is determined for the different
cleaning temperatures and normalized toQ2/3 excited at
80 K. This ratioQ2/3sTannd /Q2/3s80 Kd is plotted in Fig. 3

TABLE I. Steps in TSC spectroscopic proceduressfor details, see textd.

Step Excitation Heating up
Second excitation

at Texc

Fast cooling
down Heating up

Conventional TSC uv to 450 K

Quenching uv and
690 nm

to 450 K

Cleaning uv toTann to 80 K to 450 K

Second uv excitation uv toTexc with uv to 80 K to 450 K

Second quenching
excitation

uv to Texc with 690 nm to 80 K to 450 K

FIG. 1. TSC spectra excited at 80 K with 325 nm UV light
sconventional TSCd to the saturation of photocurrent and addition-
ally illuminated with a 690 nm lasersquenched TSCd of the semi-
insulating, undoped GaN sample no. 1. The heating rate was
0.18 K/s.

FIG. 2. Cleaned TSC spectra in regionT3 at 80, 175, and 225 K
for sample no. 1 shown in Fig. 1sleftd. Difference spectra between
the TSC curves annealed at 180, 200, 200, and 250 K and the
cleaned TSC spectrum at 250 K. The separated peaks are clearly
seensrightd.
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srightd as a function ofTann. This ratio increases between 100
and 270 K and decreases above 270 Ksemptying of trap
Q3d. As can be seen in Fig. 3srightd, the Q3 peak height
increases due to the second excitation with uv light showing
a nonsaturation of the trapQ3.

This behavior can only be explained by complex recom-
bination kinetics. Similar effects of the second excitation
procedure were observed for photoexcited TSC in
Bi12SiO20.

9 Similarly, our observations can be understood in
terms of a charge-transfer model as shown in Fig. 4sleftd.
The emptying of the low-temperature traps induces a charge
transfer from traps involved inT1 andT2, e.g., into the trap
Q2. As a consequence, the probability of the direct thermal
transition of carriers from a band into a deep trap is lower
than that via shallower traps. These transfer processes
also explain the dependence of the peak heights of the clean-
ing temperature. The trapsQ2 and Q3 should be only
partially filled by the uv excitation at 80 K. If the shallower
traps are emptied by the cleaning processsheating up toTann
below the emission ofQ2d, charges from these shallower
defects are slowly captured by deeper traps. In this way,
the filling rates and thereby the peak heights ofQ2 andQ3
increase due to the emptying of the shallower trapssFig. 4d.
This transfer process must be time-dependent and slow,

since the conventional TSC procedure shows lower peak
heights.

The activation energies of the trapsQ2 and Q3 were
commonly determined using the initial rise method and the
heating rate method. The heating rate method yields
values in a wide range between 0.25 and 0.5 eV for both
peaksQ2 and Q3. The values obtained from this method
strongly differ from sample to sample and, furthermore, de-
pend on the number of Gaussians usedstwo or threed for the
separation of the superposed peaks. This behavior indicates a
nonconstant recombination lifetime or a bimolecular kinetic,
as is described in Ref. 12. For this kinetic, the heating rate
method is not adequate for the determination of the real ac-
tivation energy. In contrast, the initial rise time method does
not depend on the specific recombination process, as has
been shown in Refs. 5 and 12. Therefore, the activation en-
ergies ofQ2 and Q3 determined from the initial rise time
method were considered for further interpretations. The cor-
responding Arrhenius plots are shown in Fig. 5sleftd and
yield activation energies in the range from 0.8 to 1.1 eV for
200 K,Tann,300 K which are very high as compared to
those above 300 Kssee Fig. 5, rightd. In Ref. 8, activation
energies between 0.4 and 0.65 eV were given for these
TSC emissions, which are similar to those determined with
the peak position methodsFig. 5, rightd. Furthermore, in
Ref. 13, using the photoinduced transient current spectros-
copy, three emissions are described at 250, 280, and 350 K
with 0.4 selectron trapd, 0.85 shole trapd, and 1.1 eV
selectron trapd, respectively. The traps at 0.85 and 1.1 eV are
very similar to the initial rise values ofQ2 andQ3, whereby
the varying peak positions can be caused by the different
measurement methods. Because the peak position method
and the heat rate methods need the same assumptions
smonomolecular kineticsd, the activation energies determined
with the initial rise method should be more realistic with
respect to the complex trapping kinetics in the emission
regionT3.

FIG. 3. TSC spectra of sample no. 2 using a second excitation
with the UV light sabove band gapd at different excitation tempera-
turessTexcd sleftd. Peak height ratio betweenQ2 andQ3 sQ2/3d at
different Tann andTexc normalized toQ2/3 at 80 K vs the cleaning
and the excitation temperaturessrightd.

FIG. 4. Charge-transfer model for explanation of the peak height
increase induced by varying excitation temperaturesTexc.200 K
for the example ofQ2 sleftd. Scheme of the transfer of the example
Q2 trap into the corresponding metastable stateQ2* induced by
below-band-gap quenching illuminationshn,EGd srightd.

FIG. 5. Arrhenius plots of initial rises of TSC emissions of
sample no. 1 after fractional heating proceduresleftd and the depen-
dence of activation energies used the initial rise method on the
annealing temperature of samples no. 1 and no. 2srightd. The acti-
vation energies as determined by the peak position method are rep-
resenting by the line. All dark values were determined from TSC
curves without any excitation.
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B. Quenching effects

In Fig. 6, the quenching of regionT3 for different illumi-
nation times with the 690 nm laser light is shown. For times
above 120 s, the peakQ2 vanishes, whereas this emission is
observed for shorter times showing the quenching process
being saturated and, therefore, depending on the recharging
of defined concentrations of the trapsQ2 and Q3. The
quenching ofQ2 andQ3 drastically depends on the tempera-
ture Texc during the second excitation with quenching laser
light as shown in Fig. 7. Three different effects are distin-
guished.

sid The peakQ2 is fully quenched at 80 K and reappears
at excitation temperatures above 100 KsFig. 7, leftd. The
thermal recovery suggests that this quenching is controlled
by thermal emissions up to 100 K. Similar effects are de-
scribed in Ref. 11 for GaAs.

sii d At higher excitation temperaturess200 K,Texc

,250 Kd, the peak height ofQ3 increases up to a factor 3,
whereas the peakQ2 rapidly decreases, i.e., the recovery
temperature of theQ3 quenching is connected to the emis-
sion of Q2, indicating a correlation betweenQ2 and Q3
within the quenching process. The recovery of quenching at
temperatures of about 100 and 200 K indicate the existence
of two metastable statesQ2* andQ3* comparable to thermal
quenching phenomena in GaAs in Ref. 11. These metastable
defects are excited trap states, which interact with none of
the bands having an energetic barrier to their ground states
ssee Fig. 4, rightd. Otherwise, the peak height enhancement

of Q2 and Q3 gives rise to the assumption of a two-step
capture process ofQ2 andQ3 via shallower trapsscharge-
transfer process, Fig. 4, leftd as discussed above.

siii d At Texc.250 K, thermal emissions in the regionT4
above 320 K are enhanced, as compared to those in the uv-
excited and in the TSC spectra quenched at lower tempera-
tures. In contrast to the recovery of the quenching ofQ2 and
Q3, the emissions inT4 are suppressed under normal exci-
tation conditions. In all cases, the peak heights inT3 andT4
increase with increasing temperature of the second quench-
ing excitation.

IV. SUMMARY

In summary, we investigated the recombination and
quenching kinetics of traps in SI-GaN between 200 and
300 K. Three peaksQ1, Q2, andQ3 at 215, 268, and 291 K,
respectively, were separated and characterized in detail by
cleaning processes and variations of the time and the tem-
perature of an additional uv illumination. In quenching ex-
periments by variation of the temperature of the second red
illumination, two recovery temperatures of quenching phe-
nomena at about 100 and 200 K were observed, as was a
further increase of the peak height with increasing tempera-
tureTexc, indicating the existence of two metastable states as
well as a complex two-step recharging process. These results
are integrated in a model including two metastable states and
a complex two-step recharging process.
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