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Thermoelectric effects in wurtzite GaN and Al ,Ga;_,N alloys
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We have investigated theoretically the thermoelectric effects in wurtzite GaN crystals and
AlLGa N alloys. The electron-transport model includes all dominant energy-dependent
electron-scattering mechanisms, such as charged dislocation and ionized impurity scattering, polar
optical phonon, deformation potential, and piezoelectric acoustic-phonon scattering. The results of
the calculation show that GaN-based alloys may have some potential as thermoelectric materials at
high temperature. It was found that the thermoelectric figure-of-merit for bulk GaN- 800 K is

about 0.0017 while it can reach 0.2 in the thermally resistivg,B8& N alloy at T=1000 K. The
obtained results agree well with available experimental data. The developed calculation procedure
can be used for the optimization of the thermoelectric properties of GaN alloys. The proposed
integration of the GaN high-power microwave and optoelectronic devices with the active
thermoelectric cooling implemented on the same material system can improve the device
performance. €005 American Institute of PhysidDOI: 10.1063/1.1927691

I. INTRODUCTION There has been very little experimental work done on the
thermoelectric properties of GaN and its alldys™® To the
Wide band-gap nitride semiconductors are very promispest of our knowledge, no theoretical analysis of the thermo-
ing for high-power density high-temperature applications inelectric properties of GaN material has ever been reported.
microwave communications, power electronics, andrhe preliminary experimental data reported for bulk GaN,
optoelectronicd= In addition to their wide band gap, these InN and AlInN, AlGaInN alloys show some promise. The
materials also demonstrate excellent electronic transpoghermoelectric figure-of-merZ T=S2oT/K value of 0.1 has
properties. For example, the sheet carrier density of the twQseen achieved at 873 K.HereSis the Seebeck coefficient,
dimensional electron ga@DEC) formed at the AIGaN/GaN ;i the electrical conductivity is the thermal conductivity,
interface can be higher than @m?, and the electron mo- 404 T is the absolute temperature. For comparison, Zfie

bility for such a high-density 2DEG can be as large asgjyes of the best commercial thermoelectric material such
2000 cni/V's at room temperature? Great progress has o ihe BjTe;, alloy is about 0.7-0.9 at room temperattfe.

been' achievgd in GaN—based microwave tef:hnology. Galkl)bviously, the reported T values for GaN need further en-
transistors with very high breakdown voltageigh output- hancement to have a chance in competing even for the GaN-

i :2910
power levef; and low flicker nois&'” have been demon- based device spot-cooling applications. A detailed theoretical

strated. - . . . study of the thermoelectric properties of wurtzite GaN and
The envisioned optical, optoelectronic, and electronic

applications of GaN and related compounds crucially depen&S alloys would be of great help to determine the possible

on the effectiveness of heat removal from the device activéN ays forZT Improvement.
Despite a large body of work conducted on electron

areas! Due to the very high power densities involved and ) . "o
continuing downscaling trend. one has to come up with aif@1sPort in bulk GaN and its heterostructuté€? the ther-

efficient thermal management approach for GaN-based dénoel'ectric effects have not been copsidered theoretically yet.
vices. An integrated thermoelectric spot cooling has beef? this paper we present a theoretical study of the thermo-
proposed earlier for optoelectronic and electronic devices a8/€Ctric characteristics of wurtzite GaN crystals and related
a way to improve their performanéél:or the devices based Materials. The electron-transport model includes all domi-
on GaN-related materials and with more severe cooling ref@nt energy-dependent electron-scattering mechanisms, such
quirement, the integrated spot cooling can become a possibf$ dislocation and ionized impurity scattering, polar optical-
solution to the thermal challenges. Apparently, the preferredhonon scattering, deformation potential, and piezoelectric
thermoelectric material, in terms of integration, for the pro-acoustic-phonon scattering. The lattice thermal conductivity
posed cooling system should also be based on GaN. To reds calculated using the virtual-crystal motfel’ validated

ize this, the high-efficiency GaN-based thermoelectric elewith available experimental data.

ments have to be developed. The latter provides a strong The remainder of the paper is organized as follows. Sec-
motivation for research aimed at understanding the thermdion Il describes the electron-transport model and discusses

electric effects in GaN and GaN-related alloys. the contributions of various scattering mechanisms to the
electron mobility degradation in GaN. The results of the
3Electronic mail: weili@ee.ucr.edu modeling o_f the thermoelec_tric properties o_f GaN crystals are
P\website address: http://ndl.ee.ucr.edu/ presented in Sec. lll. We give our conclusions in Sec. IV.
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Il. ELECTRON TRANSPORT IN GAN ing a high sheet -carrier-concentration density bf
_ _ , ~ 103 cm 2.2 However, the reported mobility data for bulk
The purpose of this paper is to theoretically analyze thg;ay gisplay strong discrepancy in both absolute values and
thermoelectric properties of the GaN material. The thermotemperature dependenjcgel.g The dominant mechanisms of
electric figure-of-merizZT is defined as electron scattering in GaN are still subjects of debates. Katz
Fo etall’ suggested that the polar optical-phonon scattering is
ZT= ke +k T (1) the dominant term, rather than the acoustic-phonon scatter-
Ph ing considered by Knagt al?® Look and Sizelov¥ indi-
where S is the Seebeck coefficient; is the electrical con-  cated that the charged dislocation scattering could play a
ductivity, ke is the electronic thermal conductivitlg,, is the  major role in limiting the electron mobility. To a large extent,
lattice thermal conductivity, and is the absolute tempera- the question of the dominant term depends on the material’s
ture. The power factorS’o characterizes the electronic quality and actual concentration of the defects and doping
energy-conversion ability of the given material. In Ed), S, densities.
o, andk, are determined by the electron-transport properties.  Based on previous studies, we consider five major scat-
In this study, we focus on the-type GaN. The analysis tering terms to the Boltzmann transport equation. The first
for p-type materials is similar. We model the electron trans-one is the charged dislocation scattering. The time constant
port in GaN by solving the Boltzmann transport equationfor this mechanism is given By
with the relevant energy-dependent electron-scattering terms.

In the presence of an external fighdand temperature gradi- oK) = h3e2c® (1+N3K3)>? )
entVT, the electron distribution function can be described by die NgismMer€? A ’
the Boltzmann transport equatﬁ?n

- whereegg is the static dielectric constart,is the lattice con-
s, of eP of __ (if) (27  stant along the0001 direction, me is the effective mass,
N/ con’ Ngis IS the dislocation density, is the component of elec-
~ tron wave-vectok perpendicular to the direction of disloca-
where v is the electron velocityP is the external electric tion, and\p is the Debye length defined as
field, f is the electron distribution functiork, is the electron
wave vectorg is the electron charge, aridis Plank’s con- N = | kgTes
stant. The notations/dr and d/ ok are used for the deriva- b en’
tives in the real space akdspace, respectively. The collision . )
term of/ ét|, includes all relevant electron relaxation mecha-Where«g is Boltzmann’s constant amdlis the free-electron
nisms for a given material. Solving the Boltzmann equationd€nsity, which can be determined from the charge balance
using the standard procedirepne can express the electron €quation
distribution functionf through the equilibrium Fermi distri-

ar h (9|2

(6)

bution functionfy, i.e., n+Np+ Nis = LE' (7)
c n
oo\ [ - 1+ g—eXp<—D)
f(k) = fo(k) + (k)| = E )Y eP- Vs N kgl
E-c Here N, is the acceptor concentratioNy, is the donor con-
- \% T} . 3 centrationg(=2) is the degeneracy of the electronic stig,

is the effective density of states, akg is the donor activa-
Here E=(A2k%/2myy) is the electron energy and is the  tion energy. In our calculations, we assuiNg=10" cm3
Fermi energy. The energy-dependent relaxation tiggek) is ~ andEp=29 meV (Ref. 27).

given by Matthiessen’s rule as The second considered mechanism is the ionized impu-
o i rity scattering. The electron-scattering rate for this mecha-
Tor 1K) =2 74K, (4)  nism can be written 48
where the index represents each relevant scattering term. 1 w3’222e4Nimp[ln(1 +b) —b/(1 +b)]

Different electron-scattering mechanisms and their re- % = , (8)
spective contributions are usually manifested in the mobility Timp(K)
dependence on temperature, doping density, and defect COlhere Nimp is the ionized impurity densityZ(=1) is the
centrations. The low-field electron mobility in bulk GaN, L . . i
AlGaN, and GaN/AlGaN heterostructures has been investigharge number of the fonized atom. The Brooks-Herring pa

gated both theoretically and experimentally by many re_rameterb 's given by

2"t (dme ) (kg T)*

search group$’?* The spatial separation of ionized donors 2amge kaT)2

from two-dimensional electron g48DEG) in GaN/AlGaN b= T‘Q"ﬁz 9
heterostructures allows one to achieve relatively high mobil-

ity values, often above 1000 ¢é&t/s at room Three other relaxation processes are related to scattering

temperaturé:17 The use of the high-Al content barriers was on phonons. Their scattering mechanisms and momentum
another approach taken to increase mobility while maintainfrelaxation times have been discussed in many literatures, and
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the formula are well described in textbodKs.The For the total relaxation time and for each of its compo-
deformation-potential acoustic phonon scattering rate is writnents, one can define the average relaxation*fime
ten as . df(E) .
1 EixeT(2mg)*?VE 10 (= dE 19
TaelK) Amhic n v df(E)
= ¢

where E, is the deformational potential, arwl, is the an-
gular average of the elastic constant for longitudinal acoustignq calculate the electron mobility defined as
(LA) phonon modes. The piezoelectric acoustic phonon scat-

| s gi &)
tering rate is given by e I (20)
1 ¢ ngKBT{ . 1 _ 125 ! , - .
K 2medi2 1+ E/H2R  AMuE The thermoelectric characteristies S, and k. are derived
k) 2medtTy b S from the solution of the Boltzmann equation and writteffas
8|'neffE
><Iog<1+ )} (12) B afo di’
WL o= | =~k S, (21)
Here v is the electron group velocity,, is the electrome-
chanical coupling factor defined by the expression le of did
- P gez y e e® S J (— ﬂ—é’)m&k)f(k)(E—s)m, (22
Ki\/: < LA> + < TA> , (12)
eCa &Llra e ( mo) 7 , dk @
. . == | |-—= E)v*(K(E-s)*——5—-0oST. (23
wherecr, is the angular average of the elastic constant for ke Tzf JE o ) (KI(E =) 47 7 23

transverse acousti€TA) phonon modes. The piezoelectric

tensor for wurtzite GaN can be explicitly written®3s The dependence of the phonon contributigp to the

thermal conductivity[see Eg.(1)] on the dislocation and
0O 0 O O e50 point defect densities has been studied in detail by Zou and
&=l 0 0 0 e 0 0] (13 co-workers?®** It has been established that the room-
temperature thermal conductivity in wurtzite GaN is sensi-
tive to the dislocation line densitiys only for very large
The spherical square averages of the piezoelectric constantglues ofNgs>5X 109 cm 2 (Ref. 33. At this high dislo-
for LA and TA phonon modes are given by the expressionscation range the variation of the dislocation line density by
) 2 two orders of magnitude can bring about a large, factor of
8(2ey5+ €31)° +i(2e15+e31)833+ei3 (14)  two, variation in the thermal conductivity value. For GaN
105 35 ’ materials with lower dislocation density, the room-
temperature thermal conductivity is more sensitive to the
concentration of point defectampurities, dopants, etc.For
example, the change in the doping density can lead to a
variation ofk, from 1.77 W/cm K to 0.86 W/cm K at 300
15 K.*In this work we selectetllge=<5x 10'° cm2 and deter-
mine ky, from the virtual-crystal modéf** One should
point out here that thé, term is much larger thak, for
most practical situations even at very large doping defSity.
e J dfy(E) N(E)dE In our calculations, the GaN material constants, except for
&g dE

€31 €31 €33 0 0 O

<eEA> =

2 16
<e12'A> = 3_5(633‘ e15—€31)° + E(ess‘ €15~ €31)€15

16,
+ 3_5915-

The reciprocal of the screening lengty, is given by

2
Gs (16) piezoelectric constants, are taken from Ref. 35. The piezo-

electric constants were estimated to bejs=e;;
Finally, the last relaxation term included in our calculations=-0.42 C/n? ande;3=0.72 C/n? (Refs. 35 and 36

is the polar optical-phonon scattering. The scattering rate for

this type of process is given @s IIl. RESULTS AND DISCUSSION
/ . .
= Wyln(w) + 1] fo(E+ﬁw)<ﬁ_w)12 As stated before, different electron-scattering mecha-
Tio(K) fo(E) E nisms and their relative contributions are displayed in the
£ \12 mobility dependence on temperature, doping density, and de-
xsinh‘l(ﬁ—) , (17)  fect concentrations. The relative importance of each specific
w

scattering mechanism varies sensitively with differdigt,
wherew is the optical-phonon frequency(w) is the Boson Nb. and temperature. To demonstrate this, we show six plots

factor, and of the electron mobility im-type GaN as a function of the
1o carrier density at different temperatures adgs in Figs. 1
Wozi(zmeffw> (i_l) (18) and 2. The dislocation densities in Figs. 1 and 2 are 5
4mh\ h £, &g X 10%° and 5% 10° cm™?, respectively. The temperatures in
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FIG. 1. Total mobility and partial mobility components as functions of the FIG. 2. Total mobility and partial mobility components as functions of the
carrier density folNy=5x 10" cm2 at(a) T=50 K, (b) T=300 K, and(c) carrier density foNgs=5x 10° cm™ at (a) T=50 K, (b) T=300 K, and(c)
T=500 K. T=500 K.

Figs. 1a) and Za), Figs. 1b) and 2b), and Figs. 1c) and  Uniquely enough, GaN-based devices operate at dislocation
2(c) are 50, 300, and 500 K, respectively. The carrier densitydensities at which devices based on other material systems
n is nearly proportional tdNp whenn> 10 cm 3. In each  fail. The optimization of thermoelectric materials usually re-
plot, the total mobility and partial mobilities limited by a quires rather high doping density to raise the Fermi level to a
specific scattering mechanism are indicated with differendesired positiorjlf3 In this situation,Nys becomes a rather
symbols. It can be seen that whig, is high, the mobility is  important additional parameter for tuning the material prop-
limited by either the charged dislocation mobiljias at low  erties. In the following analysis, we focus on the effects of
Np or by both the ionized impurity and charged dislocationthe dislocation scatterings on thermoelectric properties.
mobilities wimp+ ugis at high Np. In this case, the absolute Figure 3 shows the variation of the mobility with tem-
value of the mobility decreases appreciably witks in- perature  for Ng=5Xx10°cm? (squares Ngs=5
crease. Whem; is low, the mobility is dominated by the x10% cm? (circles, and Ngis=5x% 109 cm? (triangles at
ionized impurity and piezoelectric mobilitiegjm,+upe at  the constant doping densifyp=5X% 109 cm 3. As will be
low temperature and by the ionized impurity and longitudi-shown later, the valudl,=5X 10'° cm2 is close to the op-
nal optical (LO) phonon mobilities wimy+m, at high  timum doping level forZT at 300 K. A peak in the mobility
temperature. curve and a decrease of the mobility with temperature is
One of the specifics of the GaN material is that it comesobserved folNgis=5x 10° cm™? and Ngi=5% 10° cm 2. The
with very large variation of the dislocation densities. curve for Ng=5X 10° cmi?, on the other hand, shows a
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monotonic increase of the mobility with temperature due to
the dominance of the charged dislocation scattering over the
optical-phonon scattering and ionized impurity scattering.
Similar dependencies were reported by Look and Sizetdve.
Once the electron-scattering mechanisms are known, one
can calculate the thermoelectric characteristics, k., and
ZT from Egs.(21), (22), (23), and(1), respectively. Figure 4
demonstrates the variation ) o, (b) S, (c) ke, and(d) ZT
with the carrier density at 300 K at a moderate doping den-
sity of Ngis=5xX 10° cm™. In the ZT calculation, the GaN
bulk lattice thermal-conductivity value is taken to kg,

s (10'Q'm™")

J. Appl. Phys. 97, 123705 (2005)

g

&

=173 W/m K, which has been obtained from the virtual- -0.000% (T;::OOK 9
crystal modef* The obtained room-temperatufd is about
0.0017 for the carrier concentration of about®em™3. To < -0.000% 1
validate the model and calculation procedure, we compared =3
our o andSvalues with the only measurement data available @ 00003 -~ 1
for the thermoelectric properties of GaN reported in Ref. 13. -~
The measured value of the electrical conductivitand the 00004 .,-" 1
Seebeck coefficientS were 0.5 10*Q*m™ and 100 - (b)
-50 uV/K, respectively. Since the carrier density in the - N - .
sample, at which these values were obtained, has not been GaN ;
reported in Ref. 13, a direct comparison is not possible. At < T=300K :'
the same time, one can see from Fig®) 4nd 4b) that our £ h :
results are in reasonable agreement with the measured values E -
if one assumes the carrier density around B cm—=~ 1 * :
X 10* cm 3. This indicates that the developed model pro-
vides a reasonably accurate description of the thermoelectric 2
behavior of the bulk GaN.
Figures %a), 5(b), and Fc) show the calculated, S, and 0.001
ke, respectively, from 0 to 1000 K withp=1X 10 cm™3 at 0.0016
three levels ofNg. The figures indicate that, whey is 0.0014
larger than the certain level; andk, drop appreciably with 0.0012}
increasingNg. The Seebeck coefficient, which relatively - 0.0010
weakly depends on the scattering mechanisms, is less af- N 0.0008
fected by the difference in the dislocation scattering rate. The 0.0006
critical dislocation level can be estimated from 0. .
. K =173 WimK
0.0002 o 4
(d)
0.0000bvveey ' -
v v v . v 10" _10" L 10*
._..‘.-. Carrier Density (cnt®)

s . - . -
e ‘ beck cosfficents (© electonic contibuion t the hermal concuciiy
£ : Sens a_nd(d) thermoelec_:tric figure-of-menl_T as the function of the carrier den-
B sity at T=300 K with Ngis=5x 10% cm™2. In panel(d), the thermal conduc-
g 1w b . W ; tivity k=173 W/m K calculated using the virtual-crystal model for
=~ =300 K has been usedRef. 24.

2 fo
:§ [ “‘ 8 2 -1 -1
Z 10 L a s Ndis=5X10'cm™ Tdis :2 Ti others - (24)
- » Ndis=5X10°cm* !
. s Ndis=5X10""cm™ If Nyis is reduced below the critical level, the transport prop-
100 LA P S SO SR erties become relatively insensitive to the charged disloca-
° 100 200 300 400 500 tion scattering.
Temperature(K) Using the model described above, one can calculate the

FIG. 3. Mobility as a function of temperature f¥y.=5x 10° cm thermoelectric figure-of-merit of bulk wurtzite GaN and re-
are p lated alloys. According to Eql), an appropriate model for

(squarel Ngis=5%10° cm™ (circles and Ng=5X 10 cm? (triangles
with Np=5x 10" cnmi3,

lattice thermal transport is required f@iT value estimation.
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& ' & Ndis=5X10"cm* ]
s 0.20b ] (b)
x° 0.15p b . L.
s } FIG. 6. (a) Lattice thermal conductivity of GaN, AbGagN, and
0.10F b AlyGaygN from 0 to 1000 K calculated using the virtual-crystal model
i 1 (Ref. 24; (b) simulated figure-of-meritZT of GaN, Al,,GagN, and
°-°5: ' Al Gay N from 0 to 1000 K. The measuredT values for Ap,dnN from
0.0 Setenbeeteitedecestonale Ref. 15 are indicated by stars.

-qOO 0 100 200 300 400 500 800 700 800 900 1000
Temperature (K)

FIG. 5. Variation of(a) electrical conductivityo, (b) Seebeck coefficiers, mum phonon thermal CondUCtIVIty in Nal"XN alloys is

and(c) electronic contribution to the thermal conductivilyfrom 0 to 1000 ex_peCte_d t_O be at=0.6 (Ref- 24- The results of the simu-
K at Np=1x 10" cm™ and different dislocation densities. lations indicate that the AGa_,N alloy may have a rela-

tively good ZT value at high temperature. The largest,

. . obtained for 1000 K, is about 0.2. This value, although lower
TheHV|rtuaI-cr¥staI m0d3ezlgl Wh'C,h_ we adop.ted for G"%N andnan 1, is promising for practical application in spot cooling
verified experimentall§* qualifies for this task. Figure ot GaN optoelectronic and power electronic devices. Since
6(a) shows the calculated thermal conductivity for GaN andinere s no experimental data available on the thermoelectric
two alloys, AbGaN and A GaN, from 0 to 1000 K, ob-  yroperties of AjGa,_,N at high temperature, we compare

tained with the virtual-crystal model. The details of the oy results with the experimental data obtained for AlinN, a
model can be found in Ref. 24. The prominent alloy-yather similar nitride alloy. The points indicated by stars in
scattering effect on the thermal conductivity correctly repro-fig. 6(b) areZT values for the AJ ,dny 7N alloy reported in
duced by the model has been observed in the experiment@lef. 15. One can see that a good agreement is achieved, in
studies”™***' The dependence of fBa,,N alloy thermal  poth ZT values and their temperature dependence, between
conductivity on Al mass fractiow is similar to that observed the measured data and our modeling results. The comparison
in Al,Ga_,As (Ref. 38 and SjGe,, (Ref. 39 alloy jndicates the accuracy of the model when the specifics in the
systems. electronic and thermal parameters of nitride semiconductors
Once both electron- and phonon-transport properties argre taken into accourit. It also adds some optimism to the
modeled, the temperature-dependgfitcan be determined. prospects of improving the thermoelectric properties of GaN-
Figure 6b) shows the variation oZT for GaN, Aly ,Ga gN, based alloys.
and Al ,Ga N with temperature. The results are obtained  The proposed model and simulation results suggest sev-
for the moderate dislocation densityys=5x10° cm2 in  eral possible approaches for furti&F improvement. One of
the crystal. The Al mass fraction is chosen below 0.4, whichthem, related to the electron-transport optimization, is to re-
corresponds to the limit in most of the AlGaN barrier layersduce the extrinsic electron-scattering rates. As can be seen
used in GaN/AlGaN heterostructure field-effect transistorfrom the modeling results, in the heavily doped GaN mate-
(HFETS. However, it should be pointed out that the mini- rials the electron scattering on charged dislocations and ion-
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