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Scanning capacitance microscopy of AlGaN/GaN heterostructure
field-effect transistor epitaxial layer structures
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Scanning capacitance microscopy is used to characterize local electronic properties in an
Al xGa12xN/GaN heterostructure field-effect transistor epitaxial layer structure. Lateral
inhomogeneity in electronic properties is clearly observed, at length scales ranging from;0.1 to.2
mm, in images obtained at fixed bias voltages. Acquisition of a series of images over a wide range
of bias voltages allows local electronic structure to be probed with nanoscale spatial resolution both
laterally and in depth. Combined with theoretical analysis of charge and potential distributions in the
epitaxial layer structure under applied bias, these studies suggest that the dominant factor
contributing to the observed variations in electronic structure is local lateral variations in
Al xGa12xN layer thickness. ©1999 American Institute of Physics.@S0003-6951~99!01441-2#
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III–V nitride semiconductors are currently the subject
intense research for a variety of applications, including v
ible light emitters,1 visible-blind ultraviolet photodetectors,2

and high-temperature, high-power transistors3–7 and diodes.8

For heterostructure field-effect transistors~HFETs!, the wide
band gap, high breakdown field, high saturation velocity, a
related material properties in nitride semiconductors have
to device demonstrations at very high power levels and
crowave frequencies.9–11 However, the epitaxial material
from which such devices are fabricated are typically char
terized by high dislocation densities, local variations in co
position and morphology, and a variety of defects that m
ultimately be characterized, understood, and controlled.

In this letter we present studies of local electronic str
ture in an AlxGa12xN/GaN HFET structure using scannin
capacitance microscopy~SCM!. This technique has bee
used extensively to perform dopant profiling in Si devi
structures,12–14 and more recently to characterize local su
face electronic structure inn-GaN epitaxial layers.15 By ac-
quiring and analyzing SCM images of AlxGa12xN/GaN
HFET epitaxial layers over a range of bias voltages, we h
been able to observe variations in local electronic struc
both laterally and in depth, and to determine the feature
the structural morphology of the epitaxial layers from whi
these variations are most likely to arise.

The epitaxial layer structure used in these experime
shown in Fig. 1, was grown by metal organic chemical va
deposition ~MOCVD! on a sapphire substrate. Followin
growth of a buffer layer, 3mm of GaN and then 300 Å o
Al0.25Ga0.75N were grown. All layers were nominally un
doped with a root-mean-square~rms! surface roughness o
;2 Å measured for a 1mm31mm area. Despite the absenc
of intentional doping, a two dimensional electron g
~2DEG! forms at the Al0.25Ga0.75N/GaN interface due to the

a!Electronic mail: ety@ece.ucsd.edu
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presence of a large positive electrostatic sheet charge a
interface arising from spontaneous and piezoelec
polarization.16–18 Hall measurements yield an electron she
concentration of;531012cm22 and a mobility of;1300
cm2/V s for this sample. The resulting energy-band-edge d
gram and charge distribution are shown in Fig. 1.

A Digital Instruments 3100 atomic force microscop
~AFM! with a scanning capacitance head was used to im
the sample in the geometry indicated in Fig. 1. Imaging w
performed in standarddC/dV open loop contact mode17 us-
ing highly dopedp1 silicon tips coated with 50 Å of plati-
num to enhance tip conductivity. Electrical contact to t
epitaxial layers was made using conductive silver tape.
have verified that the results described here do not depen
whether electrical contact is made in this manner directly
Al xGa12xN surface, or to a fully processed Ti/Al ohmic con
tact to the epitaxial layers. We relied on the native oxi
present on the tip and the sample to minimize current fl
during the SCM measurement. SCM images were acqu
with an alternating-current~ac! bias of 1 V and direct-curren
~dc! bias voltages ranging from26 to 6 V. For all SCM

FIG. 1. ~a! Schematic diagram of nominally undoped Al0.25Ga0.75N/GaN
HFET showing geometry and electrical connections for SCM measurem
~b! Schematic of polarization-induced and free-carrier charge distribut
~c! Conduction-band diagram of tip/sample structure.
0 © 1999 American Institute of Physics
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images, contact mode AFM topographs are acquired sim
taneously.

Figure 2~a! shows a schematic plot of the capacitanceC
between the tip and HFET structure under investigati
based on measured capacitance–voltage (C–V) characteris-
tics for a large-area Schottky diode, as a function of dc b
voltage applied to the sample. ForVdc.Vth,1, the 2DEG is
depleted and the capacitance is small. ForVth,2,Vdc

,Vth,1, carriers are present primarily in the 2DEG and t
sample capacitance is that of the AlxGa12xN barrier. For
Vdc,Vth,2, carriers in the sample are present in the bar
and at the AlxGa12xN surface, leading to higher values fo
the capacitance. In the open-loop mode of operation,
SCM signal is proportional todC/dV averaged over a volt
age rangeVdc6Vac.

19 The resulting SCM signal calculate
for theC–V spectrum shown in Fig. 2~a! is indicated by the
solid line in Fig. 2~b!.

Contrast within the SCM images that we have obtain
arises from local variations in electronic structure that m
be associated with defects or with local inhomogeneities
the AlxGa12xN layer thickness or composition. The influ
ence of such inhomogeneities on local electronic proper
may be predicted via analytical calculations of the dep
dence ofVth,1 and Vth,2 on the AlxGa12xN layer thickness
and composition. Following the general approach of Refs
and 20, we obtain

Vth,152fb1
DEc2EF

e
1

d

eAlGaN
spol1

t

egap
ssurf, ~1!

Vth,252fb2S t

egap
D S eAlGaN

d D S DEc2EF

e D
2

t

egap
~spol2ssurf!, ~2!

FIG. 2. ~a! Model C–V spectrum for an AlxGa12xN/GaN HFET structure
and conducting probe tip. Threshold voltages for 2DEG formation (Vth,1)
and carrier spillover into the AlxGa12xN layer (Vth,2) are noted. Schematic
energy-band diagrams for each constant capacitance region are also s
Also shown are SCM signal spectra vs voltage calculated from modelC–V
spectra for HFET structures with variations in~b! Al xGa12xN film thickness
and ~c! Al concentration within the AlxGa12xN barrier layer. Both capaci-
tance and SCM signal are shown in arbitrary units.
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where fb is the metal–semiconductor Schottky barri
height,DEc the AlxGa12xN/GaN conduction-band offset,EF

the Fermi level,spol the polarization charge,ssurf the surface
charge,d the AlxGa12xN layer thickness,t the thickness of
the oxide present between the tip and sample, andeAlGaN and
egap the dielectric constants for the AlxGa12xN and oxide
layers, respectively. From these equations it is then poss
to determine the qualitative nature of contrast that will ar
in the SCM images due to local variations in AlxGa12xN
layer thickness and composition, and thereby to distingu
among features in local electronic structure arising from d
ferent aspects of nanoscale structure or composition.

Figures 2~b! and 2~c! show SCM signal spectra calcu
lated for different AlxGa12xN layer thicknesses and compo
sitions, respectively. From Fig. 2~b! we deduce that SCM
contrast arising from a local variation in AlxGa12xN layer
thickness will be inverted forVdc,Vth,2 compared to that
observed forVdc.Vth,1. Conversely, we deduce from Fig
2~c! that SCM contrast arising from a local variation
Al xGa12xN layer composition will be qualitatively simila
~i.e., not inverted! for Vdc,Vth,2 and forVdc.Vth,1. Thus, an
analysis of the SCM image contrast over a range of dc b
voltages, rather than at a single voltage, will lead to insi
into the physical origin—in addition to the presence—of l
cal inhomogeneities in electronic structure.

Figure 3 shows 2.5mm310mm topographic and SCM
images of the Al0.25Ga0.75N/GaN HFET structure for dc bias
voltages of23 to 3 V. Corresponding locations in the topo
graphic and SCM images are marked by symbols in the
ure; from the AFM topographic images in Fig. 3, we see t
some thermal drift has occurred during acquisition of the
image sequences. A number of features in these images
noteworthy. ForVdc53 V, the 2DEG is depleted and th
contrast observed reflects primarily the electronic structur
the GaN layer. ForVdc52 to 0 V, contrast associated wit
the formation of the 2DEG, i.e., local variation in the HFE
threshold voltage, is observed. Substantial lateral variati
in the threshold voltage are seen, with characteristic len
scales of;0.1 to.2 mm. In bulk semiconductors, the spati
resolution attainable in the SCM is typically limited by th
Debye screening length and the probe tip size. For the HF
sample studied here, the spatial resolution near the HF
threshold voltage should be<0.1 mm, limited by the probe
tip size and AlxGa12xN layer thickness.

For Vdc<22 V, carrier spillover into the AlxGa12xN
barrier and toward the AlxGa12xN surface appears to occu
Within this range of voltages, one clearly sees that the S
contrast is inverted compared to that observed forVdc50 to
2 V. As noted previously, this inversion of contrast is pr
dicted to occur in the presence of threshold voltage inhom
geneities arising from AlxGa12xN layer thickness variations
and would not be expected if such inhomogeneities were
arise from local variations in AlxGa12xN composition. From
this analysis we conclude that substantial local inhomoge
ities in layer thickness, and consequently in threshold v
age, exist in the AlxGa12xN/GaN HFET epitaxial layer struc
tures characterized in these studies. These inhomogene
are present at lateral length scales for which a substa
impact on the behavior of typical transistor structures fab
cated from such material may occur. Preliminary calcu

wn.
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tions indicate that the local threshold voltage can shift
several tenths of volts for a local variation in Al mole fra
tion of 0.05 or for a local variation in AlxGa12xN layer
thickness of 50 Å.21 A quantitative determination of the loca
threshold voltage shift present in this sample would requ
detailed analysis of localC–V spectroscopic data.

In conclusion, we have used scanning capacitance
croscopy to characterize nanoscale to submicron electr
properties of AlxGa12xN/GaN HFET epitaxial layer struc
tures. By performing SCM imaging over a range of bi

FIG. 3. ~a! AFM topographic images and~b! simultaneously obtained SCM
images of the Al0.25Ga0.75N/GaN HFET structure. The sample-to-tip dc bia
voltage is indicated for each image, and corresponding locations in the
ages obtained at12 and22 V are indicated by symbols.
y

e

i-
ic

voltages, electronic structure both laterally and in depth
been probed. Such imaging combined with a detailed an
sis of the relevant heterostructure device physics allows b
the presence and possible physical origins of inhomogen
in electronic structure to be ascertained. Substantial lat
variations in the threshold voltage for 2DEG formation h
been observed in this manner; a theoretical analysis c
bined with SCM imaging over a range of bias voltages
veals that these variations appear to arise predomina
from inhomogeneity in the AlxGa12xN layer thickness.
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