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Thermoelectric effect spectroscopy of deep levels in semi-insulating GaN

U._V. Desnica and M. Pavlovic®
Rucer Bokovic Institute, Bijenika 54, P. O. Box 1016, 10000 Zagreb, Croatia

Z.-Q. Fang and D. C. Look
Semiconductor Research Center, Wright State University, Dayton, Ohio 45435

(Received 14 March 2002; accepted for publication 12 July 2002

The report of thermoelectric effect spectrosco@EES applied on semi-insulating GaN was
presented. The type of TEES setup, especially suitable for film-on-substrate samples, was devised.
TEES enabled determination of sign of observed deep traps. Using TEES and thermally stimulated
current spectroscopy measurements in combination with the simultaneous multiple peak analysis
formalism all important trap parameters were determined. The shallowest identified electron and
hole traps had activation energigs— 0.09 eV andE, + 0.167 eV, respectively. Results indicate that

both these traps, oppositely charged are present in the studied material in relatively high
concentrations causing the electrical compensation and high resistivit2002 American Institute

of Physics. [DOI: 10.1063/1.1504168

Gallium nitride (GaN) is one of the most promising at a constant rate causes the release of trapped carriers. In
[11-V nitride semiconductors due to its unique electronic andaddition to the temperature ramp, a temperature gradient is
optical properties. Commercial short wavelength light emit-established along the sample, inducing a drift of the liberated
ting diodes as well as laser diodes, field effect transistors;harge carriers to the electric contacts, producing the thermo-
and ultraviolet detectors are being developédsor both  electric effect and therefore the current in the outer cirtit.
electrical and optical devices, defects with deep levels can b&he sign of the current depends on the type of the dominant
very important, and thus must be understdddhere are sev- charge carriers at a particular temperature, thus enabling a
eral report$® on deep levels in conductive GaN, obtained bydistinction between electron and hole traps. A simplified ex-
using deep level transient spectroscof®LTS). Although  perimental configuration for TEES measurements was used,
there are number of studies of semi-insulati®y) GaN®—®  in which the temperature gradient along the sample was pro-
very little is known about deep centers in this material. Therduced by adding a thin plate of a thermal conductmppey
mally stimulated curren{TSC) spectroscopy is a useful under one half of the sample and a thermal insulétfton)
method for characterization of high-resistivity samples and i©f €qual thickness under the other half. This simple configu-
has been applied extensively to SI Ga&s!2On the other rat|on14exc_lugles_the_ addltlonal_ hegter, used in the original
hand, it has been employed only a few times for S| Gafi. Setup.,” eliminating its damaging impact on measurement
In these articles, a variety of deep levels were reportedduality: Thus, the resulting gradient proved sufficient to pro-

Huanget al. (Ref. 13 reported five main deep leve(g.11, ~duce TEES currentd {geg) of a few picoamperes, which are
0.24, 0.36, 0.53, and 0.62 @Wwhile Looket al® have found values comparable to the ones obtained in a standard TEES

two shallow trapg0.09 and 0.17 eYand at least one deeper

trap at 130 K. TSC cannot distinguish whether the observef‘itand"’lrd procedure, often used for S| GaAs characterization,
levels are electron or hole traps and which is described in detail elsewhéhé? Figure 1 pre-

In this article, deep levels in SI GaN, grown by molecu- sents TEES and TSC spectra, obtained with different heating

lar beam epitaxyMBE),® were studied using thermoelectric rates(=0.4, 0.6, or 0.8 K5 Both the TEES and TSC in-

effect spectroscopyTEES. In contrast to TSC, TEES can tensities increase W'th an mcrease,@faccompamed by a
. . . L shift of the peak maxima towards higher temperatures. The
determine the sign of the traps, so it can distinguish whether : . : .
whole TSC signal is of the same sign, since the charge re-

the observed levels are electron or hole traps. It is OfObViou?eased from both trap tvpes contributes to the TSC current
importance for the more accurate assignation of defect miHowever the analogoa/s? TEES signa—which reflects the'
croscopic origin as well as for better understanding of thedifferencé between positive and negative charges—reveals
compensation mechanism in highly resistive or SI GaN. |

L . "that carriers giving rise to TSC peak Apear 100 K, are
addition, TSC and low-temperature photoconductivityd partly electrons and partly holes, while the majority of car-
measurements were performed. The sample wasum6-

) : riers related to the TSC signal at higher temperatures has a
thick SI GaN layer grown at 800 °C oa-plane sapphire.

e positive sign. Two arguments support the assignment of peak
TEES was developé@and later successfully applied in Sl

1416 X s -2 A to a composite peak, resulting from both positive and
GaAs. In TEES, the deep traps are filled by illumination negative carriersii) the maximum of peak A—at any

with white light at 86 K. The subsequent heating in the darkﬁ—does not occur at the sarfién TSC and TEES, as would
have been expected if both of the “sub” peaks had had the
aEjectronic mail: paviovic@rudjer.irb.hr same sigrt’ and (i) for lower 3, the integral of the TEES
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FIG. 1. (a) and(b) TSC and TEES curves, respectively, measured at heatin ) . . N L
rates3=0.4, 0.6, and 0.8 K/s. %1G. 3. Time evolution of photocurrentd) during white light illumination

at 86 K.

negative peak covers a narrowkerange, and the peak maxi-
mum is shifted towards loweF in comparison to the maxi-
mum of A in the TSC spectra. This agrees with the notion
that for lower 8 the thermoelectric-effect driven separation
of electrons and holes becomes less effective, giving rise to
more intense recombination of liberated electrons and hOIG%ainty. Namely, the activation energies of all thrég—As

Solely from the shape of TSC peak A, Loekal?® con- ; :
cluded that A has to be a multicomponent peak and extractettgaps are relatively close, and the TEES signal fromAhe

activation energiesE,;=0.09+0.01eV and E,,=0.17 trap might be overpowered e|thgr by electron tm]p_or by
. . . : hole trapA;. The SIMPA analysis gives the following trap
+0.05eV for two of its main components. In this article we - _
have applied simultaneous multiple peak analysidd2MEtersEa=Ec—(0.09020.004) eV, 0x, =(4.5x 1.5)
L pe b NAYSIS, 10-22¢r?, and Exg=Ey+ (0.167+0.008) €V, 0 p5= (5.0
(SIMPA)*>*" to the whole TSC spectrum to determine all "o X
o +1.5)x 10 ¥cn?. The value ofos, comes out either 9.4
components of peak A. As shown in Fig. 2, we have succes

. \ 521071 or 6.7x 10" °cn?, depending on whethek, is an
fully fited peak A with three deep traps;, Az, andAs. o100 or a hole trap. The produstru, whereN is trap

concentrationyg is a free-carrier lifetime, ang is the carrier
10 . ' . mobility, is 7.8x 10" 2.5x 10" 3.1x10%cm 1V ~1, for
A trapsA;, A,, andAz, respectively. This suggests high con-
centrations of all three traps, in the’@m™2 range.
The temporal evolution oflpt) during constant-
4 intensity white-light illumination at 86 K is presented in Fig.
3. Ipc shows clear photocurrent quenchii®CQ in the early
stage of the transient. Since photogeneration constantly sup-
61 B 1 plies newn and p, the observed decrease lgi(t) can be
explained if there is a sudden switch between the dominant
type of carrier inl o during illumination. Then considerable
2 3 4 changes i and n concentrations, their recombination rate
""" and mobility would take place. Computer simulations have
showrt® that such a switch—and the resulting PCQ—will
) 2] occur in samples having “fast” and “slow” traps of opposite
) , sign but comparable concentrations, due to preferential trap-
¢ - ping of either electrons or holes during the early stages of
1'00 = 12~0 = iIIum_ination_. An analogous .quenchir)g d)ﬁ_c was obseryed
previously in SI GaAs during low- illuminationt*192%in
Temperature(K) samples which also contained both electron and hole deep
FIG. 2. SIMPA fit (thick solid curve of the measured TSC spectruthick traps Wl.th quite dlﬁeren_t cross sectioffs.
dotted curvi A;, A,, Az, B;, andB, are particular SIMPA peaks repre- Having now determined not only the energy but also the
senting components of peaks A and B, respectively. sign of the observed deep levels, the question of microscopic

The sign of the TEES spectra indicates that the lowest-
energy trap contributing to the A peak, is an electron trap,
and the highest-energy trafa;, is a hole trap. As the TEES
signal changes its sign just in tierange corresponding to
fhe A, trap, it is not possible to determine its sign with cer-

ITsc(nA)




4128 J. Appl. Phys., Vol. 92, No. 7, 1 October 2002 Desnica et al.

origin of donor level atE.—0.09eV and acceptor level at Ministry of Science and Technology of Croatia. Z-Q.F. and
E,+0.167eV, as well as the nature of the compensatio?.C.L. were supported under AFOSR Grant No. F49620-00-
mechanism can be analyzed with more plausibility. Based oA-0347.

the comparison of trap parameters, the most probable candi-

date for the electron trap\; is a defect related to the N

vacancy. From the temperature-dependent Hall data, the ther-

mal activation energyHy) for the N-vacancy donor, induced
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ferent and small capture cross secti¢hs 3x 10~ 2°cn for Phys. Lett.66, 1340(1995.
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