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Residual strain effects on the two-dimensional electron gas concentration
of AlGaN ÕGaN heterostructures
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Ga-face AlGaN/GaN heterostructures with different sheet carrier concentrations have been studied
by photoluminescence and Raman spectroscopy. Compared to bulk GaN, an energy shift of the
excitonic emission lines towards higher energies was observed, indicating the presence of residual
compressive strain in the GaN layer. This strain was confirmed by the shift of theE2 Raman line,
from which biaxial compressive stresses ranging between 0.34 and 1.7 GPa were deduced. The
spontaneous and piezoelectric polarizations for each layer of the heterostructures have been also
calculated. The analysis of these quantities clarified the influence of the residual stress on the sheet
electron concentration (ns). Possible causes for the discrepancies between the calculated and
experimentally determined sheet carrier densities are briefly discussed. ©2001 American Institute
of Physics. @DOI: 10.1063/1.1408268#
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I. INTRODUCTION

Group III nitrides materials offer great promise for hig
power, high frequency device applications, in particular
heterojunction field-effect transistors~FETs!. III nitrides
have several advantages over other material systems
rently used for HFETs, such as a higher breakdown volta
a better linearity, a lower phase noise, and higher ther
conductivity, all of which will allow a higher power-handlin
capability.1,2 Although the AlGaAs/GaAs system offer
higher two-dimensional electron gas drift mobilities f
small electric fields, the electron saturation velocity in t
AlGaN/GaN system is higher than in other III–V materia
allowing simultaneously high-frequency operation and h
output power levels.3,4

In a typical modulation-doped FET structure the resu
ing band bending creates a triangular-well-like potential
the heterointerface, where the electrons accumulate form
a two-dimensional electron gas~2DEG!. Since the lattice
constant of GaN is larger than that of AlN by about 2.5
Al0.25Ga0.75N films with a thickness of up to 40 nm can b
grown pseudomorphically on top of GaN buffer layers.
addition to the spontaneous polarization, which is differ
for AlGaN and GaN, the heteroepitaxial strain produces
additional macroscopic piezoelectric field contributing to t
conduction band profile of the FET structure. Nominally u
doped AlGaN/GaN transistors even exhibit a high sheet
rier density in the GaN channel as a consequence of po
ization induced charges present at the heterointerface.5,6 In
this work, photoluminescence~PL! and Raman measure

a!Electronic mail: gmc@uv.es
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ments on undoped and doped Ga face AlGaN/GaN trans
structures with sheet carrier concentrations ranging from
to 1.3231013cm22 are reported. The role of residual com
pressive strain detected by both types of experiments in
GaN layer of the heterostructures~HSs! on the sheet carrie
concentration in the two-dimensional electron gas w
analyzed.

II. EXPERIMENTAL DETAILS

The AlGaN/GaN heterostructures analyzed here w
grown by metalorganic chemical vapor phase deposit
~MOCVD! and plasma-induced molecular beam epita
~PIMBE! on c-plane sapphire (a-Al2O3) substrates. The
MOCVD samples, A and B, were deposited at a pressure
100 mbar, using triethylgallium~TEG!, trimethylaluminium
~TMA !, and ammonia as precursors. A third HS, sample
was grown by plasma induced molecular beam epitaxy
more detailed description of the MOCVD and PIMBE sy
tems, as well as growth conditions can be found in Refs
and 7. In general, the samples have the following struct
starting from the substrate: an initial AlN nucleation lay
used to obtain Ga-face material,7 followed by a GaN buffer
layer and a strained AlGaN barrier layer. The PIMBE stru
ture is capped by a 2 nmundoped GaN film, which turns ou
to be advantageous for HEMT devices based on AlGaN/G
HSs.8 For sample A, the AlGaN barrier is composed of 30
undoped Al0.33Ga0.67N ~spacer layer! followed by a Si-doped
Al0.33Ga0.67N layer of 120 Å thickness, and finally, 50 Å o
undoped Al0.33Ga0.67N. From high resolution x-ray diffrac-
tion ~HRXRD! measurements it was deduced that the AlG
barriers grow pseudomorphically on the GaN layers, i.e.,
lattice constants were identical within experimental accura
5 © 2001 American Institute of Physics

P license or copyright; see http://jap.aip.org/jap/copyright.jsp



,

d in

rrier
ng-

i-
han
ifi-
eet
rier

in a
al

OR
led
out
e
d

for
ier
le.
a

gies
all
sed
er
L
e
or

lity

ll

e
rier
ble
e
m-
d to
lat-
co-

the
an

e

e
aN

-
f t
w

4736 J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Martı́nez-Criado et al.
The aluminum composition,x, and the degree of relaxation
r, were calculated from the lattice constantsa and c deter-
mined by means of reciprocal space maps of the~20.5! re-
flection of AlGaN/GaN heterostructures~see Fig. 1!.5 Impor-

FIG. 1. Reciprocal space maps of~20.5! reflections of AlGaN/GaN hetero
structures measured by HRXRD. The dashed lines show the position o
x-ray diffraction reflections for the relaxed and pseudomorphic gro
AlGaN films.
Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AI
tant parameters of the different samples are summarize
Table I.

Hall effect measurements have revealed sheet ca
concentrations and Hall mobilities at room temperature ra
ing from 0.9 to 1.3231013cm22, and from 1050 to 1532
cm2 V21 s21, respectively~Table I!. Higher mobilities have
been measured at low temperatures@m(1.3K)'4500 cm2/V
s#, where the mobility is limited by scattering from impur
ties, defects, and/or interface roughness rather t
phonons.5 The observed thermal dependence, i.e., a sign
cant increase of the electron mobilities with constant sh
electron concentration, is consistent with the spatial car
confinement and the formation of a 2DEG.4,7

For PL measurements, the samples were mounted
continuous He-flow cryostat operating at 4.3 K. For optic
excitation different ultraviolet lines of an Ar1 ion laser were
used. The luminescence was detected with a 0.8 m DIL
triple spectrometer equipped with a cooled charge-coup
device detector. Micro-Raman experiments were carried
at low temperature~4.3 K! in the same system using th
514.5 nm line of the Ar1 laser. The laser light was focuse
onto the sample with a 103 microscope objective.

III. RESULTS AND DISCUSSION

Photoluminescence spectra taken at low temperature
three Ga-face AlGaN/GaN HSs with different sheet carr
concentrations are shown in Fig. 2 on a logarithmic sca
The spectrum of a homoepitaxial GaN film is included as
reference. All spectra were measured with excitation ener
below the AlGaN barrier band gap. The identification of
transitions was already made in a previous publication ba
on characteristic thermal and excitation pow
dependencies,9 as well as on more recent high resolution P
studies.10,11 The presence of free exciton lines in th
MOCVD samples, A and B, together with the usual don
bound exciton transition confirms the high structural qua
of these samples. In contrast, the MBE sample~C! only ex-
hibits the donor bound exciton line at 3.496 eV with a fu
width at half maximum~FWHM! of 11 meV, suggesting
lower heterojunction quality. The structural quality of th
heterojunction plays an important role in the achieved car
mobility, as can be seen from the Hall results shown in Ta
I. Finally, it is important to mention the collective shift of th
optical transitions in all HSs towards higher energies in co
parison to the reference sample. This behavior is attribute
residual compressive strain in the GaN layer caused by
tice mismatch and differences in the thermal expansion
efficients between film and substrate.

The abovementioned residual compressive strain in
GaN buffer layer has been confirmed by means of Ram
measurements of theE2 phonon mode, which is known to b
shifted by stress only12 ~Fig. 3!. Using the relationship re-
ported by Demangeotet al.13 for the dependence of th
E2-phonon frequency on biaxial compressive stress in G
layers:

Dv5C•sxx , ~1!

he
n
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Downloaded 28 Jan
TABLE I. Summary of relevant parameters of the Ga-face AlGaN/GaN heterostructures investigated
work. In sample A the AlGaN barrier consists of 30 Å of undoped Al0.30Ga0.70N followed by Si-doped
Al0.33Ga0.67N (@Si#5131019 cm23) of 120 Å thickness, and 50 Å of undoped Al0.33Ga0.67N. ms andns are the
sheet carrier mobility and density, respectively.

Sample Growth method

GaN cap layer AlGaN barrier GaN buffer Hall data at 300 K

d
~Å!

x d
~Å!

d
mm

ms

(cm2/V s)
ns

~1013 cm22)

A MOCVD 0.33 200 2 1100 1.32
B MOCVD 0.38 240 3 1532 1.05
C MBE 25 0.34 200 2 1050 0.90
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where C52(2.960.3) cm21 GPa21, we obtain residual
compressive stresses ranging from 0.34 to 1.7 GPa. The
trinsic value ofvE2(high)5568 cm21 was taken from the ref-
erence homoepitaxial GaN film. We have neglected any p
sible additional hydrostatic stress components induced
point defects. The linewidth of the GaNE2 mode line of the
AlGaN layer is associated with compositional disorde14

Since the penetration depth of the 514.5 nm argon line u
for Raman scattering is larger than that of the 333.6 nm l
we will just use the PL results to examine the region close
the heterointerface. Applying the expression reported
Rieger et al.15 for the bound exciton energy shift of Ga
films grown on AlN nucleation layers;

DEDX5B•sxx , ~2!

where B5(2764) meV GPa21, biaxial compressive
stresses between 0.10 and 0.79 GPa are obtained. As
ence we have taken the donor bound exciton transition of
homoepitaxial GaN film centered at 3.4747 eV. The diff
ence between the Raman and PL strain results is a co
quence of strain relaxation with increasing layer thicknes

With the purpose of analyzing the effects of this co
pressive strain of the GaN buffer layers on the 2DEG c
centration, Fig. 4 shows a schematic diagram of the pie
electric and spontaneous polarization vectors for a Ga-
AlGaN layer grown pseudomorphically on top of a Ga
layer in the~0001! orientation with the wurtzite crystal struc

FIG. 2. Photoluminescence spectra taken at 4.3 K for Ga-face SHs
different sheet carrier concentrations. Samples A, B have been grow
MOCVD, and C is an MBE sample.
 2010 to 147.156.182.23. Redistribution subject to AI
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ture. Associated with this spatial gradient of polarizati
there is an induced fixed atomic charge density given byrP

52¹P. If the GaN layer additionally is under compressiv
strain, it could be expected by elementary vector analy
that its piezoelectric polarization~Fig. 4!, given by:6,5

PPE* 52«xx~e312e33C13/C33! ~3!

would increase the sheet electron concentration at the in
face, since (e312e33C13/C33),0. In the former expression
e13 ande33 are the piezoelectric coefficients,«xx the in-plane
component of the strain tensor, andC13 andC33 are compo-
nents of the compliance tensor. Consequently, the m
strongly compressed GaN layer should apparently pre
the highest induced electric field, as well as the highest sh
charge density at the interface. However, we have just
tained the opposite result: the least strained GaN la
sample A, has the highest sheet carrier Hall concentrat
ns51.3231013 cm22. One can argue that the Si-dope
Al0.30Ga0.70N film present in the AlGaN barrier of sample
increases the electron density in the GaN layer compare
the other two samples by transfer doping. However, this o
explains our results partially; as was already demonstrate
a previous study,6 the formation of 2DEGs in undoped a
well as doped AlGaN/GaN structures is almost complet
dominated by piezoelectric and spontaneous polarization
duced effects.

Therefore, for a more thorough discussion of our H
results, the sheet carrier concentration values taking into

th
byFIG. 3. Micro-Raman spectra taken at low temperature. The assignme
the phonon modes is indicated in each spectrum.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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sample C, Eq.~5! can be rewritten as:

r th
e
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count the experimentally determined compressive strain
be determined. The normal («zz) and in-plane («xx) compo-
nents of the strain tensor have been calculated using
model of a biaxially strained layer (sxy5sxz5syz50; sxx

5syy):
16

«xx5«yy5S C33

~C111C12!C3322C13
2 D sxx ,

and

«zz522
C13

C33
«xx . ~4!

Since the AlGaN barriers were grown pseudomorphically
top of GaN, their lattice constants are identical at the hete
interface, i.e.,a~AlGaN! 5 a~GaN!. Therefore, the AlGaN
lattice constant was determined through the relationaAlGaN

5a0(12«xx)5aGaN, wherea0 is the unstrained GaN lattic
constant and«xx is the strain in the GaN buffer. The compo
nents of the strain tensor for the AlGaN layer were calcula
using elastic constants determined from linear interpolati
between GaN and AlN binary ends.5 The obtained values fo
sxx , «xx , and«zz are listed in Table II for the set of sample
used in this work.

Counting the energy from the bottom of the conducti
band at the interface for an AlxGa12xN/GaN HS, where the
AlGaN barrier is composed by 30 Å of undope
Al0.33Ga0.67N spacer followed by a Si-doped Al0.33Ga0.67N
layer (@Si#5131019 cm23) of 120 Å thickness, and 50 Å
of undoped Al0.33Ga0.67N layer ~sample A!, one obtains the
implicit equation inns :

FIG. 4. Directions of the spontaneous and piezoelectric polarizations fo
Ga-face strained AlGaN/GaN HS with a residual compressive strain pres
in the GaN layer.
Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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DEc~x!5EF~x!1efb~x!2
Ndddope

2

e0e~x! S dsp1
ddop

2 D
2

dAlGaNe2

e0e~x! S 1s

e
2ns~x! D , ~5!

and consequently, the maximum value ofns can be calcu-
lated. In Eq.~5! Nd is the doping concentration in the S
doped AlGaN layer,dsp , ddop , and dAlGaN are the thick-
nesses of the spacer layer, the Si-doped layer, and the
AlGaN barrier, respectively. In addition,efb is the Schottky
barrier height of the gate contact on top of the AlGaN lay
DEc the conduction band offset at the heterointerface, a
EF the Fermi level relative to the GaN conduction-ba
edge:

EF~x!5E0~x!1
p\2ns~x!

m*
, ~6!

where we have assumed the ground energy level of a s
infinite asymmetric triangular well, expressed by:

E0~x!5
3

4 S \2

2m*
D 1/3S 3p2ns~x!

2e0e~x! D 2/3

. ~7!

The piezoelectrically induced polarization charge density
the interfaces is given by

s5@PSP~AlGaN!1PPE* ~AlGaN!#2@PSP~GaN!

1PPE* ~GaN!#, ~8!

wherePSP is the spontaneous polarization. To determine
band offset, we use the approximation:5 DEc(x)
50.7@Eg(x)2Eg(0)#, where the experimentally determine
band gap of AlxGa12xN alloy at room temperature is give
by:17

Eg~x!56.13x13.42~12x!21.0~12x!x~eV!. ~9!

For sample B, where both the AlGaN barrier and t
GaN layers are nominally undoped, Eq.~5! is reduced to:5

DEc~x!5EF~x!1efb~x!2
dAlGaNe2

e0e~x! S 1s

e
2ns~x! D . ~10!

Finally, in the case of the same nominally undoped str
ture but with a GaN cap layer on top of it, as it is the case

e
nts
TABLE II. Calculated stress, in-plane component of the strain tensor, spontaneous and piezoelectric polarizations, induced polarization charge density, and
sheet carrier concentration of the different SHs.

Sample
EDX

~eV!
sxx

GaN

~GPa!
«xx

GaN

~%!
PPE*

GaN

(1027 C/cm2)
PPS

GaN

(1026 C/cm2!
«xx

AlGaN

~%!
P PE*

AlGaN

(1026 C/cm2)
PPS

AlGaN

(1026 C/cm2)
s

(1026 C/cm2)
ns

a

(1013 cm22)
ns

b

(1013 cm22)

A 3.4774 20.10 20.022 0.300 22.9 0.781 21.2245 24.616 2.971 2.232 2.235
B 3.4937 20.70 20.156 2.107 22.9 0.678 21.2309 24.876 3.418 2.005 2.031
C 3.4960 20.79 20.176 2.377 22.9 0.650 21.0239 24.668 3.030 1.688 1.712

aStrained GaN buffer layer.
bRelaxed GaN buffer layer.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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DEc~x!5EF~x!1efb
eff~x!2

dAlGaNe2

e0e~x!
3S 1s

e
2ns~x! D ,

~11!

whereefb
eff is the effective barrier height given by

efb
eff~x!5efb

GaN1DEc~x!1
dGaNnse

2

e0e~0!
. ~12!

The thickness of the cap layer isdGaN, andefb
GaN represents

the Schottky barrier height of the gate contact on top of t
GaN layer. The background dopant concentration in all l
ers, except for the Si-doped AlGaN layer in sample A,
assumed to be negligibly small in comparison to the po
ization induced charge concentrations. All the calculated
rameters are summarized in Table II. We use the set of lin
interpolations between the physical properties of GaN
AlN at room temperature reported in Ref. 5~see Table III!.
The change of strain andDPPE* due to thermal disagreemen
between optical measurements~T54 K! and the Hall mea-
surements to determinens ~T5300 K!, taking into account
the difference in thermal expansion coefficientsa between
AlGaN and GaN layers, could be estimated by means of
expression:18

D«xx5
~aAlGaN2aGaN!DT

11aAlGaNDT
. ~13!

A change of in-plane strain of aboutD«xx50.012% is ob-
tained for the Al0.30Ga0.70N layer, whereas this is compres
sive strain in the GaN layer because it has a larger expan
coefficient than AlN. However, this result would only lightl
change the net residual compressive strain present in
GaN buffer layer.

The piezoelectric polarization in the GaN layer increa
with compressive stress. This simultaneously causes a re
tion of the tensile stress in the pseudomorphically gro
AlGaN film, and consequently, a decrease of its piezoelec
polarization as shown in Fig. 5. Since the slopes of the
ezoelectric polarization curves as a function of the in-pla
strain are very similar for both materials@PPE

GaN(C/cm2)5

21.35331026 «xx
GaN vs PPE

Al0.30Ga0.70N(C/cm2)521.547

31026 «xx
Al0.30Ga0.70N], the net effect of the residual compre

sive strain on the Ga-face HSs is a small reduction of
polarization induced charge densitiess at the interface
~Table II!.

TABLE III. Linear interpolations between GaN and AlN binary properti
(T5300 K! ~Ref. 5!.

GaN AlN AlxGa12xN

a0 ~Å! 3.189 3.112 3.18920.077x
C11 ~GPa! 367 396 3671 29 x
C12 ~GPa! 135 137 13512x
C13 ~GPa! 103 108 10315x
C33 ~GPa! 405 373 405– 32x
e31 (C/m2) 20.49 20.6 20.49– 0.11x
e33 (C/m2) 0.73 1.46 0.7310.73x

e 9.5 9.0 9.5– 0.5x
efb ~eV!a 0.84 2.14 0.8411.3x

aSchottky barrier height for HSs without GaN-cap layer.
Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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For a wider range of in-plane strain in the GaN buff
layer, Fig. 6 shows the calculated sheet carrier concentra
for different alloy composition in the case of a B-type SH. A
the aluminum content increases in the barrier, the net ef
of a residual compressive stress@«xx(GaN),0# becomes
evident decreasing the 2DEG concentration at the hetero
erface. On the contrary, for tensile strain@«xx(GaN).0#
there will be a monotonous increasing with barrier compo
tion. In any case, Fig. 6 demonstrates the definitive influe
of residual strain on the sheet carrier concentration. A clo
insight into Table II shows that there are small but cle

FIG. 5. Piezoelectric polarization for both layers~AlGaN and GaN! as a
function of the in-plane strain.

FIG. 6. Sheet carrier concentration of the 2DEG confined by polariza
effects at an AlGaN/GaN interface as a function of the in-plane GaN str
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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differences between the relaxed and compressive stra
GaN buffer layer cases,ns

a andns
b . In spite of this result, the

residual compressive strain does not explain the differen
found between the sheet carrier concentration measure
Hall effect and the calculated values listed in Table II. The
discrepancies can be caused by many other factors. Fo
stance, it has been shown experimentally that in modulat
doped n-type AlGaAs/GaAs single heterojunctions few
electrons are transferred than theoretically predicted, bu
generally accepted explanation of this phenomenon has
provided. In spite of all the uncertainties on the mater
parameters used in our calculations we can attempt to
plain our data taking into account some prior results for
AlGaAs system. For example, compensation of the AlG
barrier material can contribute to the discrepancy betw
the measurements and calculations. Another feature is
erratic residual doping in the GaN channel, which could b
limiting factor in these samples. Additionally, the presence
deep traps in AlGaN could have a strong influence, si
they may involve complexes whose activation energy
pends on their charge state. This occurs in the same wa
the traps responsible for the persistent photoconducti
phenomenon in the AlGaAs system.

On the other hand, as was shown in a previous work
an abrupt and flat interface, solving Schro¨dinger’s and Pois-
son’s equations self-consistently and taking the polariza
induced interface charges into account, the maximum 2D
density is quite sensitive to strain field and alloy barr
composition.6 Hence, if alloy disorder, nonuniform strai
fields, mixed polarities, interface roughness, and/or ot
structural defects~such as dislocations, inversion domain
etc.! are present at the heterointerface, they will alter app
ciably the transfer of electrons from the Al0.30Ga0.70N film to
the GaN layer, leading to a reduction of the 2DEG sh
carrier concentration. Finally, very complete energy-le
calculations, including interface grading, nonzero tempe
ture, finite-barrier effects, effective mass, dielectric const
discontinuities, etc., are necessary. In a similar manner, m
refined calculations of the electrostatic potentials taking i
account compensation and residual doping of the vari
layers, Fermi level pinning, strain gradients, etc., should
performed.

IV. CONCLUSIONS

We have investigated Ga-face AlGaN/GaN HSs
means of PL and Raman measurements. A compressive s
is induced in the GaN layer by lattice mismatch and diff
ences in thermal expansion coefficients between film
Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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substrate. Its values were determined by Raman meas
ments as well as PL energy shifts. From our study we cl
fied the role of this compressive stress on the sheet ca
concentration at the AlGaN/GaN heterointerface. Finally,
possible causes of the discrepancies between the calcu
and experimentally determinedns have been briefly dis-
cussed.
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