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Characterization of deep defects responsible for the quenching behavior in undoped GaN layers
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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 spectroscopyTSC). 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 defect€Q2 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 filter at 335 nm(known as uv excitation—above-band-gap
GaN is a well-established material in devices such as blulgl%?'? eﬁ':i]g nzrb;riizzzg)e/ Egratfhde usp e;g r:g(())ﬁ]«e; -Ic-i?ftf)tlaer}e:]t
laser diodes or high-frequency and high-temperature transi§Fap emissions resulting in superposed TSC peaks, we used a
tors. In these applications, important parameters such as ﬂl?eaning procedure as described in Ref. 5 consis,ting of the
free-carrier concentration, the recombination rates, or the fref'ollowing steps: uv excitation at 80 K to photocurrent
quency response are strongly influenced by deep point de- :

fects. In particular, recharging effects of metastable or mul_saturatlon, heating up to a temperatdig, near the peak

) : . maximum of the trap emission of interest, subsequent cool-
tiple charged states create persistence or quenchi

n .
phenomena of important device parameterSherefore, |ﬁg down to 80 K, and heating up once more to 450 K but

) : .without optical excitation(see Table I, cleaning proceduire
knowledge and understanding of the dynamics of traps i o0 investigate the trapping kinetics, a second excitation for

crucial. We, and others, investigated the trapping kinetics OZO s at a defined temperatuf@,.) was realized with uv
some of these traps as well as the quenching phenomera

caused in semi-insulating undoped GaN layers using thdght. This second excitation scheme consists of the follow-

technique of thermally stimulated curreftSC).2-4 Never- INg steps: uv excitation at 80 K to photocurrent saturation,

theless, the traps involved in the quenching process have ngg 2&2 38 ;E(OT;);]";jsr?:{;?r? uuv et)écélltggolz’V\tﬁlﬁgt(;toicl)lltljrgir?:;\i/\cl)?]
been analyzed in detail up to now. In this work, we suc- see Table | 'second exci?atign)um this way, we get infor-
ceeded in isolating and characterizing the defects involved ir(1 ’ Y, g

these processes using different complementary techniques rér}atlon on whether and how high-temperature thermal emis-

TSC. We present a comprehensive model for the comple%S(ionS are influenced by the draining of low-temperature
recharging mechanism. raps. 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 si@iescribed as frac-
tional TSC in Ref. § The heating rate was constant at
All samples were grown by metal-organic vapor phase0.18 K/s in all procedures.
epitaxy on(0001) sapphire substrates with an optimized AIN  For quenching experiments, the samples were excited by
seed layer and are nominally identical. They are all semithe uv lamp and a subsequent illumination with a 690 nm
insulating having a specific resistivity of above*X@cm laser diodegbelow-band-gap light at 1.8 éMor 3 min at the
(samples no. 1, no. 2, and no) and photoluminescence same temperature of 80 K followed by a conventional heat-
linewidths below 3 meV at 4.2 K. Because of their slightly ing up to 450 K(see Table I, quenching procedurEurther-
different quenching behavior, they are numbered no. 1, no. 2nore, a second excitation with a 675 nm laser diode was
and no. 3. applied at variable temperaturég as described abovsee
dc-sputtered and consecutively annealed Al layers and ddrable |, second excitation quench)nghe thermal activation
sputtered Pt layers were used as contacts in coplanar arrangaergiesg, of the TSC traps were determined by several
ment. methods. The initial rise method uses the slope of the peak
Deep defects were investigated by TSC using differenwversus 1kT, whereas in the heating rate method the activa-
excitations schemes. In conventional TSC, the sample is exion energy is obtained from the Arrhenius pIot(Tﬁ,/,B)
cited at 80 K by a low-pressure Hg lamp with a short passversus 1kT,, assuming a monomolecular recombination.

Il. EXPERIMENT
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TABLE I. Steps in TSC spectroscopic procedu(fs details, see text

Second excitation  Fast cooling

Step Excitation Heating up at Teyc down Heating up
Conventional TSC uv to 450 K
Quenching uv and to 450 K
690 nm
Cleaning uv t0Tann to 80 K to 450 K
Second uv excitation uv t0eyc with uv to 80 K to 450 K
Second quenching uv t0 Teyc with 690 nm to 80 K to 450 K
excitation
The peak position method uses the relatidfﬂ]/,B A. Peak separation by cleaning procedure and trap kinetics
~exp(E,/kT,) and needs only a conventional TSC spec- in the T3 region
trum. All methods are discussed in detail in Ref. 5. One prob|em is the Superposition of various peaks_ For
separation, the peaks were cleaned by heating up to a tem-
[ll. RESULTS AND DISCUSSION peratureT,,,between 200 and 275 Kleaning procedujeas

shown in Fig. 2(left). In this way, the low-energy traps were

In Fig. 1, an unquenched and a quenched TSC SpeCtruaained and the interesting peaks could be observed without

of the SI sample no. 1 are shown. In the unquenched TS
spectrum, we can distinguish four different regions of ther- terference. Three peaks labeled @3 at 215K, Q2 at

mal emissions. Regioml between 80 and 120 K is charac- 255 K, andQ3 at 290 K (Fig. 2, righy can now be distin-

terized by thermal emissions with activation energies belomg.UIShed' Under these conditions, the peak heights of emis-

; . ; ! sionsQ2 and Q3 increase with increasing,,, between 80
200 meV(described in Refs. 2 and 4 in dedaih broadband T ; .
T2 follows it between 120 and 200 K that corresponds toand 250 K. These emissions were further investigated by the

S X L : cond excitation procedure with the uv laffgbove-band-
emissions with activation energies between 0.23 and 0.32 eS/e !
. ] < Teye< -
as reported in Ref. 7. In the thermal regi®a, all trap emis- ap light, 30 $at 170 K=Te,c=<225 K to support the sepa

sions are superimposed and broadbands are observed. In t ation of the peaks. This effect is shown in Fig(l&ft) for
rangeT3, several traps were observed in Ref. 8 with activa- S! sample no. 2 for different temperatufigg, As in the

tion energies at 0.45 and 0.56 eV. At about 300 K, the TSCﬁIeaned spectra of Fig. 2, an increase of@®andQ3 peak

) . eights with increasing excitation temperaturg,. is ob-
s_lgnal de?re.as?s fpllowed by the regibh, where the signal tained, which show similar behavior to the main traps in
rises again indicating further traps.

Th hed i in Fio. 1 btained b . Refs. 9 and 10 where a second excitation procedure and an
€ quenched spectrum In Fg. .. was obtained by USINg &, qiiation at different temperatures were used, respectively.

further excitation at 80 K with below-band-gap ligled Furthermore, the peak heights @2 andQ3 change differ-
light at 675 nm—1.8 €Y, which generates a decrease of theently with annealing and excitation temperatures. Therefore,
peak he|ghts_ in _the whole T_SC spectrum. The most remar he ratio between the peak heights@2 (at 270 K) andQ3
ablg quenchlr_lg is observed in the.temperature_ re@jﬁ)(de- (at 290 K), defined a€Q2/3, is determined for the different
S(.:”bEd. also.m Re_f. 2 Th.erefore., in the following, this re- cleaning temperatures and normalizedQ&/3 excited at
gion will be investigated in detail. 80 K. This ratioQ2/3(T.)/Q2/3(80 K) is plotted in Fig. 3

2
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FIG. 1. TSC spectra excited at 80 K with 325 nm UV light FIG. 2. Cleaned TSC spectra in regid8 at 80, 175, and 225 K
(conventional TSCto the saturation of photocurrent and addition- for sample no. 1 shown in Fig. (eft). Difference spectra between
ally illuminated with a 690 nm lasdiqguenched TSLCof the semi-  the TSC curves annealed at 180, 200, 200, and 250 K and the
insulating, undoped GaN sample no. 1. The heating rate wasleaned TSC spectrum at 250 K. The separated peaks are clearly
0.18 K/s. seen(right).
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FIG. 3. TSC spectra of sample no. 2 using a second excitation ) o o
with the UV light (above band gapat different excitation tempera- FIG. 5. Arrhenius plots of |n_|t|al rises of TSC emissions of
tures(T,,J) (left). Peak height ratio betweed2 andQ3 (Q2/3) at sample no. 1 after fractional heating proced(ieét) and the depen-
different T, and T, Normalized toQ2/3 at 80 K vs the cleaning dence of activation energies used the initial rise method on the
and the e;r(]:riltatione;(;mperatur(sﬁ'ght). annealing temperature of samples no. 1 and npight). The acti-
vation energies as determined by the peak position method are rep-
(right) as a function off ., This ratio increases between 100 resenting_ by the line. A_II qlark values were determined from TSC
and 270 K and decreases above 27@dfnptying of trap ~ CUTVes without any excitation.
Q3). As can be seen in Fig. @ight), the Q3 peak height
increases due to the second excitation with uv light showing .
a nonsaturation of the trap3. since the conventional TSC procedure shows lower peak
This behavior can only be explained by complex recomfeights. o '
bination kinetics. Similar effects of the second excitation The activation energies of the trajgd2 and Q3 were
procedure were observed for photoexcited TSC incommonly determined using the initial rise method and the
Bi1,SiOx.° Similarly, our observations can be understood inheating rate method. The heating rate method yields
terms of a charge-transfer model as shown in Figleft). ~ values in a wide range between 0.25 and 0.5 eV for both
The emptying of the low-temperature traps induces a chargeeaksQ2 and Q3. The values obtained from this method
transfer from traps involved iifil andT2, e.g., into the trap ~strongly differ from sample to sample and, furthermore, de-
Q2. As a consequence, the probability of the direct thermapend on the number of Gaussians ugeeb or three for the
transition of carriers from a band into a deep trap is lowerseparation of the superposed peaks. This behavior indicates a
than that via shallower traps. These transfer processd¥nconstant recombination lifetime or a bimolecular kinetic,
also explain the dependence of the peak heights of the cleafs is described in Ref. 12. For this kinetic, the heating rate
ing temperature. The trap®2 and Q3 should be only method is not adequate for the determination of the real ac-
partially filled by the uv excitation at 80 K. If the shallower tivation energy. In contrast, the initial rise time method does
traps are emptied by the cleaning procéssating up tol,,,  Not depend on the specific recombination process, as has
below the emission 0f)2), charges from these shallower been shown in Refs. 5 and 12. Therefore, the activation en-
defects are slowly captured by deeper traps. In this wayergies ofQ2 and Q3 determined from the initial rise time
the filling rates and thereby the peak heightsQaf andQ3 method were considered for further interpretations. The cor-
increase due to the emptying of the shallower tréifig. 4.  responding Arrhenius plots are shown in Fig.(Ift) and

This transfer process must be time-dependent and slowield activation energies in the range from 0.8 to 1.1 eV for
200 K< T,,,<<300 K which are very high as compared to

Emptying those above 300 Ksee Fig. 5, right In Ref. 8, activation
T T EC energies between 0.4 and 0.65 eV were given for these
T, T2 TR Q20 1 osisok TSC emissions, which are similar to those determined with
120K >T,. >200K Q2 /S8 \‘} the peak position metho(Fig. 5, righd. Furthermore, in
X?j\r’JquSOK e Q2* Ref. 13, using the photoinduced transient current spectros-
Mota-stable copy, three emissions are described at 250, 280, and 350 K
with 0.4 (electron trajp 0.85 (hole trap, and 1.1 eV
Charge transfer quenching (electron trajp, respectively. The traps at 0.85 and 1.1 eV are
very similar to the initial rise values @2 andQ3, whereby
Ey the varying peak positions can be caused by the different

measurement methods. Because the peak position method

FIG. 4. Charge-transfer model for explanation of the peak heighfind the heat rate methods need the same assumptions
increase induced by varying excitation temperatufgg>200 K  (monomolecular kinetigsthe activation energies determined
for the example of2 (left). Scheme of the transfer of the example With the initial rise method should be more realistic with
Q2 trap into the corresponding metastable s@® induced by respect to the complex trapping kinetics in the emission
below-band-gap quenching illuminatidghy<Eg) (right). regionT3.
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FIG. 6. Quenched TSC spectra of sample no. 1 excited with T[K]
690 nm laser light for different illumination times. For times longer
than 120 s, the emissio®2 andQ3 are fully quenched. FIG. 7. TSC spectra between 200 and 400 K of sample no. 1

using the second excitation with quenching ligb¢e the procedure
in Table ). The 690 nm illumination times are 12Qleft) and 30 s

(right).
In Fig. 6, the quenching of regiofi3 for different illumi- . _ .
nation times with the 690 nm laser light is shown. For timesOf Q2 and Q3 gives rise to the assumption of a two-step

above 120 s, the ped®2 vanishes, whereas this emission is capture process 02 andQ3 via shallower trapscharge-

observed for shorter times showing the quenching procestéan.ﬁfer process, Fig. 4, I¢fas discussed above. .
(iii) At Teye>250 K, thermal emissions in the regidm

being saturated and, therefore, depending on the rechargi%ove 320 K are enhanced, as compared to those in the uv-

of defir_ned concentrations Qf the traig2 and Q3. The excited and in the TSC spectra quenched at lower tempera-
quenching 0lQ2 andQ3 drastically depends on the tempera-res In contrast to the recovery of the quenchin@afand

ture Te, during the second excitation with quenching laserqa the emissions iT4 are suppressed under normal exci-
light as shown in Fig. 7. Three different effects are distin-tatijon conditions. In all cases, the peak height¥3nandT4

guished. _ increase with increasing temperature of the second quench-
(i) The peakQ2 is fully quenched at 80 K and reappearsing excitation.

at excitation temperatures above 100(Kig. 7, lefy. The

B. Quenching effects

thermal recovery suggests that this quenching is controlled IV. SUMMARY
by thermal emissions up to 100 K. Similar effects are de- |n summary, we investigated the recombination and
scribed in Ref. 11 for GaAs. quenching kinetics of traps in SI-GaN between 200 and

(i) At higher excitation temperature$200 K<T,. 300 K. Three peak®1, Q2, andQ3 at 215, 268, and 291 K,
<250 K), the peak height 0Q3 increases up to a factor 3, respectively, were separated and characterized in detail by
whereas the peak)2 rapidly decreases, i.e., the recovery cleaning processes and variations of the time and the tem-
temperature of th&3 quenching is connected to the emis- perature of an additional uv illumination. In quenching ex-
sion of Q2, indicating a correlation betwee@2 and Q3  periments by variation of the temperature of the second red
within the quenching process. The recovery of quenching alumination, two recovery temperatures of quenching phe-
temperatures of about 100 and 200 K indicate the existenceomena at about 100 and 200 K were observed, as was a
of two metastable state®2” andQ3" comparable to thermal further increase of the peak height with increasing tempera-
guenching phenomena in GaAs in Ref. 11. These metastabtare T, indicating the existence of two metastable states as
defects are excited trap states, which interact with none oivell as a complex two-step recharging process. These results
the bands having an energetic barrier to their ground statemre integrated in a model including two metastable states and
(see Fig. 4, right Otherwise, the peak height enhancementa complex two-step recharging process.
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