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JOURNAL OF APPLIED PHYSICS VOLUME 93, NUMBER 12 15 JUNE 2003
Polarization effects in AlGaN ÕGaN and GaN ÕAlGaN ÕGaN heterostructures
Sten Heikman,a) Stacia Keller, Yuan Wu, James S. Speck, Steven P. DenBaars,
and Umesh K. Mishra
Department of Electrical and Computer Engineering and Materials Department, University of California,
Santa Barbara, California 93106

~Received 18 February 2003; accepted 2 April 2003!

The influence of AlGaN and GaN cap layer thickness on Hall sheet carrier density and mobility was
investigated for Al0.32Ga0.68N/GaN and GaN/Al0.32Ga0.68N/GaN heterostructures deposited on
sapphire substrates. The sheet carrier density was found to increase and saturate with the AlGaN
layer thickness, while for the GaN-capped structures it decreased and saturated with the GaN cap
layer thickness. A relatively close fit was achieved between the measured data and two-dimensional
electron gas densities predicted from simulations of the band diagrams. The simulations also
indicated the presence of a two-dimensional hole gas at the upper interface of GaN/AlGaN/GaN
structures with sufficiently thick GaN cap layers. A surface Fermi-level pinning position of 1.7 eV
for AlGaN and 0.9–1.0 eV for GaN, and an interface polarization charge density of 1.6
31013– 1.731013 cm22, were extracted from the simulations. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1577222#
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I. INTRODUCTION

AlGaN/GaN based high electron mobility transisto
have demonstrated great potential for high-power hi
frequency applications, with breakdown voltages in exc
of 1 kV,1 and microwave power densities higher than
W/mm at 10 GHz.2 A high sheet carrier density two
dimensional electron gas~2DEG! can be formed at the
AlGaN/GaN interface, without intentional doping of th
structure. The polarization along the~0001! axis of the
~Al !GaN crystal is the key factor determining the band str
ture and charge distribution in the heterostructure.3 The dif-
ference in spontaneous and piezoelectric polarization
tween AlGaN and GaN effectively results in a fixed sheet
polarization charge at the AlGaN/GaN interface. This pol
ization charge is positive for structures grown on Ga-po
GaN, and serves to attract high concentrations of electr
The origin of the electrons is uncertain, however, the m
plausible model to date, proposed by Ibbetsonet al.,4 sug-
gests that the electrons originate from donorlike states on
AlGaN surface.

Analogous to the formation of a 2DEG at an AlGaN
GaN interface, a two-dimensional hole gas~2DHG! can form
at an AlGaN/GaN interface with a negative polarizati
charge.5–7 Such interfaces are present in AlGaN/GaN sin
heterostructures on N-polar GaN, and in GaN/AlGaN/G
structures on Ga-polar GaN, at the upper GaN/AlGaN in
face. The formation of 2DHGs has been observed exp
mentally for Mg-doped GaN/AlGaN/GaN structures a
AlGaN/GaN superlattices.8–10

A detailed understanding of the heterostructure band
grams, charge distribution, and surface effects, is esse
for further developments in device designs. In this artic
a comprehensive study of Al0.32Ga0.68N/GaN and

a!Electronic mail: sten@ece.ucsb.edu
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GaN/Al0.32Ga0.68N/GaN heterostructures is reported. O
served changes in the sheet carrier density, in respons
variations in AlGaN and GaN layer thicknesses, are analy
and correlated to simulations of the band diagrams. Both
concept of a pinned Fermi level at the surface, and the
mation of a 2DHG at the upper interface of some Ga
AlGaN/GaN structures, are invoked in the analysis. In fitti
the simulated 2DEG sheet charge densities to the experim
tal values, good fits were achieved, and values for the in
face polarization charge and the Fermi-level surface pinn
position, used as fitting parameters, were extracted.

II. EXPERIMENT

The samples were grown by metalorganic chemical
por deposition~MOCVD! using the precursors trimethylalu
minum, trimethylgallium, and ammonia. The AlGaN/Ga
layer structures were grown on 3mm semi-insulating GaN
base layers, prepared on sapphire substrates. The base
were rendered semi-insulating by Fe doping of the first
mm of growth.11 The AlGaN was grown under the following
conditions: 1040 °C growth temperature, 100 Torr total pr
sure, 25 Torr ammonia partial pressure, and a growth rat
0.8 Å/s. The growth conditions for the thin (,20 nm) GaN
cap layers were the same, except for a lower growth rate
0.5 Å/s. For the structures with a thick GaN cap layer, t
GaN growth was performed at atmospheric pressure,
growth rate of 6 Å/s.

Three series of heterostructures were grown and, in e
series, the thickness of one layer was varied. One series
sisted of single AlGaN/GaN heterostructures, with varied A
GaN thickness, and two series consisted of GaN/AlGaN/G
heterostructures, with either the AlGaN thickness varied,
the GaN cap layer thickness varied.

Hall effect measurements were performed in the van
Pauw geometry, on cleaved 6 mm36 mm squares, using In
contacts. The samples were generally measured within a
4 © 2003 American Institute of Physics
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hours of finishing the growth, to avoid aging effects. The
composition, which was 32% throughout the study, and
growth rates, were deduced from x-ray diffraction measu
ments of an AlGaN/GaN superlattice calibration sample. T
material quality was further assessed by transmission e
tron microscopy~TEM! and secondary ion mass spectro
etry ~SIMS!.

Simulations of the band diagram and the free carrier d
tribution of the heterostructures were performed with a s
consistent one-dimensional Schro¨dinger–Poisson solver.12

The following material parameters were used: The band
of Al xGa12xN at room temperature given byEg(x)
5x6.2 eV1(12x)3.4 eV2x(12x)1.0 eV, conduction-
band offset DEC50.7@Eg(x)2Eg(0)#,13,14 and dielectric
constante r(x)58.920.4x.15,16 The effect of exchange cor
relation on Coulomb interaction was neglected, as this
been shown not to affect sheet carrier densities in AlG
GaN heterostructures.17 The background donor concentratio
of the GaN and AlGaN layers was set to zero, based
SIMS observations, and on resistivity measurements
nominally undoped GaN grown in our reactor.11

III. RESULTS

In the first series of heterostructures, single Al0.32Ga0.68N
layers were deposited on semi-insulating GaN base lay
and the AlGaN thickness was varied between 5 nm and
nm. Figure 1 shows the resulting sheet carrier density
Hall mobility, as a function of the AlGaN thickness. Betwe
5 nm and 10 nm, the sheet carrier density increased rap
from 2.631012 cm22 to 1.0331013 cm22. However, beyond
10 nm, the sheet carrier density increased slower, reac
1.4531013 cm22 for a thickness of 40 nm. The Hall mobility
showed the opposite trend to the sheet carrier density,
AlGaN thicknesses above 5 nm, with values decreasing f
1700 cm2/V s at 7.5 nm, down to 1250 cm2/V s at 40 nm.

The second series consisted of GaN/AlGaN/GaN hete
structures, with a GaN cap layer thickness varying betwee

FIG. 1. The influence of AlGaN thickness on sheet carrier density and
mobility, for AlGaN/GaN single heterostructure. The black lines are sim
lation fits; the solid line assuming no point defects in the structure,
dashed line using a shallow acceptor concentration in the AlGaN layer
fitting parameter. The gray line is a guide for the eyes.
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nm and 228 nm, and a fixed AlGaN layer thickness of 20 n
The resulting sheet carrier densities and Hall mobilities
plotted in Fig. 2, as a function of the GaN cap layer thic
ness. The presence of the GaN cap layer resulted in a re
tion of the sheet carrier density, from 1.2931013 cm22 with
no GaN cap, down to 5.931012 cm22 with a 30 nm cap
layer. For a 228 nm thick GaN cap layer, the sheet car
density was 731012 cm22. It was observed that the sample
with GaN cap layers of thickness between 13 nm and 30
were sensitive to the measurement conditions. For a pr
current of 0.1 mA, the measured sheet carrier densities
creased during consecutive measurements, in some cas
to 30%. The effect was reduced for lower probe currents. T
Hall mobilities roughly followed the same trend as was o
served for the first series, with increasing values for decre
ing sheet carrier densities.

In the third series, the GaN cap layer thickness was k
constant at 228 nm, while the AlGaN layer thickness w
varied between 20 nm and 50 nm. Figure 3 shows the res
ing sheet carrier density and Hall mobility, as a function
the AlGaN thickness. The sheet carrier density increa
with increasing AlGaN thickness, from 731012 cm22 for 20
nm AlGaN thickness to 1.2431013 cm22 for 50 nm AlGaN
thickness. Again, as was observed in the previous two se
the Hall mobility decreased as the sheet carrier density
creased. TEM was performed on the sample with 50
AlGaN thickness to confirm that the AlGaN layer and t
GaN cap layer were fully strained to the underlying Ga
base layer. The resulting cross-sectional TEM image, Fig
shows negligible relaxation and no additional extended
fects generated in the AlGaN layer or in the GaN cap lay

SIMS investigations were performed, monitoring th
standard impurities, on a sample with 50 nm buri
Al0.32Ga0.68N and GaN layers, grown under conditions ide
tical to the low growth-rate layers in the measured hete
structures. Impurity concentrations of 2.231017 cm23 car-
bon, 1.731017 cm23 oxygen, and 431016 cm23 silicon,
were detected in the AlGaN layer, while the GaN lay
showed impurity concentrations of 531016 cm23 carbon, 8

ll
-
e
a

FIG. 2. The effect of GaN cap layer thickness on sheet carrier density
Hall mobility, for a GaN/AlGaN/GaN heterostructure with a fixed AlGa
layer thickness of 20 nm. The black solid line is a fit to simulations, and
gray line connecting the Hall mobility points is a guide for the eyes.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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10116 J. Appl. Phys., Vol. 93, No. 12, 15 June 2003 Heikman et al.
31015 cm23 silicon, and an oxygen concentration below t
detection limit.

IV. DISCUSSION

The increase and saturation of charge with AlGaN thi
ness in AlGaN/GaN single heterostructures has previou
been reported for samples grown by both MOCVD a
molecular-beam epitaxy ~MBE!, for various Al
compositions.4,18–21Furthermore, the decrease and saturat
of charge with the thickness of a GaN cap layer has b
observed in GaN/AlN/GaN structures.22

To understand the observed trends, the band diagram
the heterostructures were simulated, and the resulting s
carrier densities were fitted to the experimental data. In m
eling the band diagrams, the Fermi level was assumed t
pinned by donorlike states at the surface, at an energyED

below the conduction-band minimum. This assumpt
was based on experimental observations of surf
pinning,20,21,23–26and on previous modeling of AlGaN/GaN
single heterostructures.4,18,19ED was assumed independent
the GaN and/or AlGaN layer thicknesses, but different val
were allowed for GaN and Al0.32Ga0.68N surfaces. Figure 5
illustrates band diagrams representative of the three exp
mental series: A single AlGaN/GaN heterostructure@Fig.

FIG. 3. The influence of AlGaN layer thickness on sheet carrier density
Hall mobility, for a GaN/AlGaN/GaN heterostructure with a fixed GaN c
layer thickness of 228 nm. The black solid line is a fit to simulations, and
gray line connecting the Hall mobility points is a guide for the eyes.

FIG. 4. Cross-sectional weak beam TEM image of GaN/Al0.32Ga0.68N/GaN
structure, with 50 nm AlGaN layer thickness. The image shows neglig
strain relaxation in the AlGaN layer.
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5~a!#, a GaN/AlGaN/GaN heterostructure with a thin Ga
cap@Fig. 5~b!#, and a GaN/AlGaN/GaN heterostructure wi
a thick GaN cap@Fig. 5~c!#. The polarization charge wa
modeled as a fixed positive sheet charge1spz at the lower
AlGaN/GaN interface, and as a fixed negative sheet cha
2spz of equal magnitude at the upper GaN/AlGaN interfa
for the samples with a GaN cap layer. The values ofED and
spz were both used as fitting parameters.

The simulated 2DEG sheet charge density of the AlGa
GaN single heterostructure, included in Fig. 1 as a solid li
showed close agreement to the measured data withED

51.7 eV andspz51.6931013 cm22. When introducing a
shallow acceptor concentrationNa in the AlGaN layer as a
third fitting parameter, a slightly better fit could be achieve
with the valuesED51.7 eV, spz51.7831013 cm22, and
Na5731017 cm23 ~included in Fig. 1 as a dashed line!. The
nature of a possible shallow acceptor is unclear; SIMS inv
tigations showed that the standard impurities C, O, and
were low, but other impurities, or native defects, could po
sibly account for the acceptor concentration.

Adding a GaN cap layer to the AlGaN/GaN structu
introduced a negative polarization charge at the upper
erointerface, causing increased electric fields in the AlG
and a decrease in 2DEG density@illustrated in Fig. 5~b!#. As
the GaN cap layer thickness increased, the valence-b
shifted upward, eventually reaching the Fermi level. At th
point, a 2DHG formed at the upper GaN/AlGaN interfac
pinning the valence band, hindering any further increase
the electric field in the AlGaN layer@Fig. 5~c!#. The pre-
dicted decrease and saturation in 2DEG sheet charge de
was observed in the measured Hall data in Fig. 2. The bes
of the simulated data to the experimental data was achie
with the values ED50.9– 1.0 eV and spz51.58
31013 cm22. The predicted 2DHG sheet charge density
also included in Fig. 2 as a dotted line. In samples with
2DHG formed next to the 2DEG, it may at first seem th
both the 2DEG and the 2DHG would be probed by H
effect measurements. However, due to a much superior

d

e

e

FIG. 5. Band diagrams of three heterostructures:~a! single AlGaN/GaN
heterostructure,~b! GaN/AlGaN/GaN heterostructure with athin GaN cap,
and ~c! GaN/AlGaN/GaN heterostructure with athick GaN cap.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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bility and conductance of the 2DEG compared to the 2DH
nearly all of the probing current flows through the 2DE
with the effect that the measured sheet carrier density
mobility are completely dominated by the 2DEG.

In the series of samples with thick GaN-capped Ga
AlGaN/GaN structures, the surface effects were remo
from the two-dimensional carrier gasses. The GaN on b
sides of the AlGaN had nearly flat bands@see Fig. 5~c!#, and
the 2DHG and 2DEG sheet charge densities were ne
equal in magnitude. In the simulations, the choice ofED had
a negligible effect on the 2DEG sheet charge density. T
pinning of the valence band at the 2DHG screened the 2D
from changes in the electric field in the GaN cap layer. Mo
over, the high thickness of the cap layer ensured that cha
in ED caused only low electric-field changes in the cap lay
For example, a 1 V change inED resulted in a 45 kV/cm
change in the electric field, which is less than 5% of the fi
present in the AlGaN layer. The simulations also showed
as the AlGaN thickness was increased, the electric field
the AlGaN was reduced, accompanied by an increase in
2DEG and 2DHG sheet charge densities. The optimum fi
the experimental data, included as a solid line in Fig. 3, w
obtained with a polarization ofspz51.6031013 cm22.

The extracted values of the interfacial polarizati
charge densityspz ranged from 1.5831013 cm22 to 1.69
31013 cm22 in the three series, assuming no shallow acc
tors in the AlGaN. These values are higher than an ea
report from a similar experiment on Al0.34Ga0.66N/GaN struc-
tures,spz51.4631013 cm22,4 and higher than those dete
mined byab inito calculations by Fiorentiniet al.27 account-
ing for alloy polarization nonlinearity, spz51.44
31013 cm22. However, close agreement is found to inte
face polarization extracted from a recent study us
capacitance–voltage profiling, where an extrapolated em
cal fit gave a value ofspz51.6431013 cm22 for an
Al0.32Ga0.68N/GaN interface.28

The experimentally inferred values of the Fermi-lev
surface pinning positionED were 1.7 eV and 0.9–1.0 eV, fo
Al0.32Ga0.68N and a GaN surfaces, respectively. The AlGa
value is within the range of reported values; 1.65 eV h
previously been extracted from a similar experiment
Al0.34Ga0.66N/GaN structures,4 and x-ray photoelectron spec
troscopy studies have yielded values ofED;1.6 eV for
Al0.24Ga0.76N/GaN samples,21 and ED51.3 eV for an
Al0.41Ga0.59N surface.24 For GaN surfaces, there is a wide
range of reported values; studies by x-ray photoelect
spectroscopy have yielded values ofED;1.4 eV ~Ref. 23!
andED51.0 eV ~Ref. 25! for GaN grown by MOCVD, and
ED;0.3 eV for GaN grown by MBE.26 Furthermore,ED

50.7 eV has been measured by scanning Kelvin probe
croscopy of unintentionally doped GaN.20 The large varia-
tion is probably related to various chemical contaminatio
of the surface layer, including adsorption of ionic species
the sample surface.29

The sensitivity of the simulations to changes in the
ting parameters is illustrated in Fig. 6, for the case of
single Al0.32Ga0.68N/GaN heterostructure. The shaded are
represent the change in the simulated sheet carrier densi
response to a610% variation of the Fermi-level surfac
Downloaded 21 Sep 2003 to 128.111.74.212. Redistribution subject to A
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pinning positionED ~left-hand side! and to a610% varia-
tion of the interfacial polarization chargespz ~right-hand
side! around the best-fit values. The sheet carrier densit
relatively insensitive to variations inED , but it is sensitive to
spz , which means that the experimentally inferred value
ED has some uncertainty, while the values forspz , ranging
from 1.5831013 cm22 to 1.6931013 cm22, are more accu-
rate.

In the modeling of the heterostructures, the surfa
Fermi-level position was assumed independent of the la
thicknesses, and the assumption was validated by a relati
good fit to the experimental data. In literature, both a fix
surface pinning position, measured by x-ray photoelect
spectroscopy,21 and a varying surface Fermi level, measur
by scanning Kelvin probe microscopy,20 have been reported

V. CONCLUSIONS

In conclusion, AlGaN/GaN and GaN/AlGaN/GaN
pseudomorphically strained heterostructures were gro
and the 2DEG sheet charge density, as measured by
effect measurements, was studied as a function of the la
thicknesses. The sheet carrier density was found to incre
and saturate with the AlGaN layer thickness, while the pr
ence of a GaN cap layer caused a decrease in the charge
saturation. A relatively close fit was achieved between
measured data and 2DEG sheet charge densities obta
from simulations of the band diagrams. The simulations a
indicated the presence of a 2DHG at the upper interface
GaN/AlGaN/GaN structures with sufficiently thick GaN ca
layers. A surface Fermi-level pinning position of 1.7 eV f
AlGaN and 0.9–1.0 eV for GaN, and an interface polariz
tion charge between 1.5831013 cm22 and 1.69
31013 cm22, were extracted from the simulations.
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FIG. 6. The sensitivity of the simulated sheet carrier density of a sin
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