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Local dC/dV spectroscopy performed in a scanning capacitance microscope is used to map,
quantitatively and with high spatial resolution, lateral variations in the threshold voltage of an
Al xGa12xN/GaN heterostructure field-effect transistor epitaxial layer structure. Theoretical analysis
and numerical simulations are used to quantify charge concentrations, the corresponding threshold
voltage shifts, and the influence of the measurement apparatus on these results. High-resolution
scanning capacitance and the associated threshold voltage images reveal round features,150 nm in
diameter within which a shift in threshold voltage of about 1.5–2 V is measured. Theoretical
analysis and numerical simulations indicate that these features are consistent with the presence of
charged threading dislocations with a linear charge density of;107 e/cm21 that cause localized
partial or full depletion of carriers from the two-dimensional electron gas. Large-scale scanning
capacitance images reveal variations in contrast over areas several microns in size with
corresponding threshold voltage shifts of approximately 1 V. These large features are postulated to
arise from a combination of thickness and composition variations in the AlxGa12xN layer. © 2001
American Vacuum Society.@DOI: 10.1116/1.1385914#
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I. INTRODUCTION

Al xGa12xN/GaN heterostructure field-effect transisto
~HFETs! have attracted intense research interest due to t
importance for microwave and high-temperature/high-pow
electronic applications.1–6 However, high threading disloca
tion densities (;108– 1010cm22), which are a result of the
significant lattice mismatch between GaN and commo
used substrates such as sapphire or SiC, are typically pre
and can lead to increased carrier scattering7 and high concen-
trations of acceptor-like trap levels.8 It has been observe
that potential shifts of up to 1.5 V may be present nea
dislocation inn-type GaN;9 in an AlxGa12xN/GaN HFET
epitaxial layer structure, defects such as dislocations as
as the presence of thickness and composition variation
the AlxGa12xN layer can result in pronounced variations
the local HFET threshold voltageVT .10,11 We have recently
used spatially resolved scanning capacitance microscop
obtain quantitative experimental information and to direc
correlate shifts in threshold voltage in an AlxGa12xN/GaN
HFET with the presence of threading dislocations, thickn
and composition variations, and other defects.12 The ob-
served shifts inVT and their spatial distribution were consi
tent with the presence of charged threading dislocation
the epitaxial layer structure and with localized thickness a
composition variations in the AlxGa12xN layer.

In this article, we present a detailed description of t
measurement technique, compare the analytical model f
Ref. 12 with simulations of electrostatic potential and ele
tron concentration near a threading dislocation, and ana
the influence of the scanning capacitance microscope~SCM!

a!Electronic mail: ety@ece.ucsd.edu
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probe tip on the measured signal, image contrast, and q
tification of HFET threshold voltage variations.

II. EXPERIMENT

All measurements were performed with a grounde
heavily p1-doped Si probe tip in a Digital Instruments 310
SCM under ambient conditions with a bias applied to Ti/
ohmic contacts fabricated on the sample, as shown in Fig
The sample used in these studies consisted of a 23 nm
doped Al0.26Ga0.74N/1.2mm undoped GaN/0.1mm AlN het-
erostructure grown on 4H-SiC ~0001! by metal organic
chemical vapor deposition. Ohmic contacts were made to
sample by the evaporation of 33 nm Ti/77 nm Al and sub
quent annealing at 750 °C for 1.5 min. Due to the polari
tion field in the strained AlxGa12xN layer, a two-dimensiona
electron gas ~2DEG! is created at zero bias at th
Al xGa12xN/GaN interface, even in absence of intention
doping.13–15

To obtain a threshold voltage map, we reduced the s
area to 1 nm31 nm for high-resolution, small-area scans a
to 500 nm3500 nm for lower-resolution, large-area scan
thus effectively averaging the data over these areas.dC/dV
spectra were obtained as functions of tip–sample bias, w
the applied voltage signal consisting of the internal SC
high-frequency ac bias~with an amplitude of 2 V at 100
kHz! plus an externally applied triangle–wave bias sign
which was ramped from 0 to 8 V at afrequency of 5 Hz. To
reduce noise, we recorded and averaged multiple~typically
50 to 400! dC/dV versusV curves. We then moved the tip t
successive positions in steps of 50 nm for small area sc
and in steps of 1mm for large-area scans and repeated
procedure. ThedC/dV versusV data were processed by su
16711Õ19„4…Õ1671Õ4Õ$18.00 ©2001 American Vacuum Society
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tracting a line fitted to a background that arises from unco
pensated stray capacitances, and then normalizing to a
height of unity.

III. RESULTS AND DISCUSSION

We previously presented topography images, scanning
pacitance images, and the associated threshold voltage
derived from high-resolution (950 nm3700 nm) and large-
area (40mm315mm) scan areas of an AlxGa12xN/GaN
HFET epitaxial layer structure.12 Small round features with a
radius of about 50–70 nm were observed in the 950
3700 nm SCM scan, while the large-area scan showed
tures, typically several microns in size, which were simil
but did not directly correlate, to the structure observed in
topography image. Threshold voltage maps were obtaine
integratingdC/dV data twice and subsequent linear extrap
lation of the charge within the 2DEG, and showed featu
corresponding to those in the SCM images.

The small round features in the smaller scan were fou
on the basis of a simple analytical treatment, to be consis
with the presence of charged threading dislocations at a
sity of about 109 cm22 in the sample. Several groups ha
reported that threading dislocations in III–V nitride heter
structures can produce acceptor-like trap states8 which be-
come negatively charged.16,17 This charge can result in th
depletion of the 2DEG at the AlxGa12xN/GaN interface,11

causing a shift in threshold voltage near the threading di
cations which would be observed in the scanning capacita
data and theVT map.

We have estimated analytically the effect of a charg
threading dislocation on the contrast feature observed
scanning capacitance image as well as on the local shi
threshold voltage.12 This estimate is then compared with r
sults of detailed numerical simulations of th
Al xGa12xN/GaN sample structure and the SCM probe t
Assuming a tip with a radius of curvature of about 15 nm,
obtained an actual feature radius of about 35–60 nm fo
observed feature radius of about 50–75 nm due solely to
convolution of the actual feature with the tip shape, as ty
cally occurs in scanning probe measurements. In addit
the observed feature radius is further increased due to
presence of a depletion region approximately 30 nm in s
induced by the probe tip, in the AlxGa12xN layer. This re-
sulted in a final actual feature radius of about 30 nm
smaller.

FIG. 1. Experimental configuration for localdC/dV spectroscopy in a SCM
is shown.
J. Vac. Sci. Technol. B, Vol. 19, No. 4, Jul ÕAug 2001
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A charged threading dislocation line is modeled simply
a continuous line charge, the potential due to which, ass
ing cylindrical symmetry and screening by ionized impuriti
and free electrons, is given by18

U~r !5
1

4pee0
2qgK0S r

lD
D , ~1!

wherelD is the Debye length, given by

lD5AkTee0

q2Nd
. ~2!

In Eqs.~1! and~2!, e is the relative dielectric constant,e0 the
vacuum permittivity,q the electron charge,g the line charge
density,K0 the modified Bessel function of the second kin
of zeroth order,r the distance from the line,k the Boltzmann
constant,T the temperature, andNd the background dopan
density. We can use Eq.~1! to describe the potential due to
charged threading dislocation by setting the line charge d
sity to g5 f /c, wheref is the fraction of filled traps~ranging
from 0 to 1! andc the @0001# lattice constant of AlxGa12xN.
Assuming a dislocation density of roughly 109 cm22 and a
background dopant density of about 1018cm23 within the
Al xGa12xN layer, one obtains19 f '0.5 and a Debye length
of about 3.5 nm at 300 K. The effect of the potentialU(r )
ceases to be significant whenU(r )&kT, i.e., whenr *3.25
lD . On this basis, we obtain an estimated feature radius
about 11 nm, which is well within the above mentione
range of 30 nm or smaller.

In the vicinity of these features, the maximum thresho
voltage shiftDVT from the average value was about 1.5–
V, which is consistent with previous measurements
Hansenet al.9 Using the expressionQ52CDVT , whereC
is the capacitance per unit area of the AlxGa12xN barrier
layer, we estimate the measuredDVT to correspond to a
chargeQ of about 23.431012e/cm2 to 24.631012e/cm2.
This value is approximately equal to the amount of cha
expected to be contained, within the AlxGa12xN barrier layer
and an area equal to the tip size, on a threading disloca
with linear charge density of about2107'20.5 e/cm.

To more accurately estimate the effect of the tip size
the potential, we have modeled and numerically simula
the electrostatic potential distribution and electron concen
tion for the device structure shown in Fig. 2~a!. The tip is
modeled as a box consisting of Co with a 10 nm310 nm
contact area to the AlxGa12xN layer. The polarization charge
is represented using ionized dopants at the AlxGa12xN/GaN
interface. To simulate the charged threading dislocation, i
ized dopants are placed in a rectangular column with
1 nm31 nm base, extending through the AlxGa12xN and
GaN layers at the center of the tip area. The dopant conc
tration is chosen to match the aforementioned linear cha
density of2107 e/cm.

The relative potentialf rel , i.e., the change in potentia
between simulations with and without the charged thread
dislocation, at a zero tip bias and as a function of dista
from the tip center, is shown in the top part of Fig. 2~b! as a
solid line. For comparison, the relative potential due to
charged threading dislocation derived analytically and giv
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by Eq. ~1! is plotted in the top part of Fig. 2~b! as a dotted
line. The simulated relative potential becomes equal tokT at
a distance of approximately 25 nm from the tip center
equivalently, from the dislocation core. The simulated re
tive potential is in fairly good qualitative agreement with t
potential from Eq.~1!. The difference in the potentials in th
immediate vicinity of the dislocation core is a result of t
potential due to the tip. This effect is also visible in the p
of the electron concentration at the AlxGa12xN/GaN inter-
face, i.e., the electron concentration in the 2DEG, for
simulation conducted without the charged threading dislo
tion present, shown in the bottom part of Fig. 2~b! as dotted
line, where the potential due to the tip results in a sm
reduction of the electron concentration.

The electron concentration at the AlxGa12xN/GaN inter-
face for a simulation performed in the vicinity of a charg
threading dislocation line is shown as a solid line in t
bottom part of Fig. 2~b!. The effect of the charge present o
the threading dislocation can be seen most clearly in
partial to full depletion of the 2DEG charge up to about
nm distant from the dislocation core. Due to the effect of
tip size, the depletion region obtained in the simulation
somewhat larger than the value obtained from the analyt
model, but in very good agreement with the aforemention

FIG. 2. ~a! Schematic diagram of the simulated structure with a disloca
line placed at the center of the tip area and extending through
Al xGa12xN and GaN layers is shown.~b! Top: plots of the potential varia-
tion due to a charged threading dislocation calculated analytically~solid
line! and via simulation~dotted line! and bottom: electron concentration a
the AlxGa12xN/GaN interface as a function of distance from the tip cen
are shown.
JVST B - Microelectronics and Nanometer Structures
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actual feature radius, estimated to be about 30 nm or sma
We can derive values for the shift in threshold voltage

the vicinity of a charged threading dislocation using simu
tions with and without a dislocation present in a similar ma
ner to that described in Ref. 12. Specifically, linear extrap
lation of a plot of integrated charge density within th
depletion region~i.e., from 0 to 25 nm! versus the applied tip
bias to a zero charge concentration is used to define
threshold voltage. We then obtain values forVT of 23.46 V
for a simulation without a dislocation present, and22.11 V
for a simulation with the tip placed directly atop a charg
threading dislocation. The resulting shift in threshold volta
DVT'1.35 V is in excellent accord with the experimental
measured values of 1.5–2 V. Thus, our results confirm t
the simple analytical model and detailed numerical simu
tions yield consistent results, with the simulations bei
more precise with respect to the effect of the tip size on
potential and electron concentration.

Large-area scans (40mm315mm) scans revealed th
presence of substantial threshold voltage shifts, as larg
61 V or more, relative to the average threshold volta
value of24.8 V over length scales of approximately one
severalmm. These features were comparable in size to f
tures observed in atomic force microscopy topographic
ages, suggesting that thickness variations in the AlxGa12xN
layer might play a substantial role in the measuredVT varia-
tions, as postulated on the basis of previously reported S
studies.10,11 Using a theoretical expression for the sheet c
rier concentration, we estimated the threshold voltage s
due to a change in thickness in the AlxGa12xN layer. For an
Al concentration of 26% and a layer thicknessd523 nm, we
obtain an approximate polarization sheet charge density
1.2531013e/cm2,20 which results in a threshold voltage shi
of about 0.25 V for a thickness change of about 1 nm, i
approximately 5%. Using a similar approach, we calcula
that a composition variation of about 5% in the AlxGa12xN
layer would yield a change in threshold voltage compara
to that of a 1 nm thickness variation. The observed larg
variations inDVT of more than 1 V might therefore be a
consequence of a combination of thickness and compos
variations in the AlxGa12xN layer.

To further distinguish between the thickness and com
sition variations, both of which can give rise to substant
local variations inVT , we can analyze thedC/dV signal and
the peak size in thedC/dV versusV data, as shown in Fig
3~a!. Ideally, one might expect that the thickness variatio
within the AlxGa12xN layer could be extracted from the ca
pacitanceC'ee0A/d, whereA is the effective tip area andd
is the local AlxGa12xN layer thickness, and that this capac
tance could be obtained from an integration of thedC/dV
signal. However, the integrated capacitance depends on
peak width, which is not constant over the measurement a
as shown in Fig. 3~c!. Thus, the attempted extraction o
thickness variations directly from the integrated capacita
could lead to artifacts.

However, since thedC/dV peak height is also propor
tional to the capacitance of the AlxGa12xN layer, we can
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obtain thickness information from a plot of the peak heig
as shown in Fig. 3~d!. Bright areas in this image correspon
to large-amplitude peaks, i.e., a thin AlxGa12xN layer, while
dark areas correspond to small peaks, i.e., a thick AlxGa12xN
layer. A thick layer would result in a more negative thresho
voltage, which would correspond to a dark area in the thre
old voltage map in Fig. 3~b!. If the variations in threshold
voltage would be caused purely by thickness variations,
threshold voltage map and the map of the peak height sh
be very closely correlated across the entire image area, w
is not the case. Thus, the variations in threshold voltage
probably due to a combination of thickness and compo
tional variations.

IV. CONCLUSIONS

In conclusion, we have used localdC/dV spectroscopy
performed in a SCM to quantify and map the threshold vo
age distribution in an AlxGa12xN/GaN HFET structure.
Small round features, which exhibited a threshold volta
shift of about 1.5–2 V compared to the average thresh

FIG. 3. ~a! SCM signal ~left-hand side plot! and integrated capacitance
voltage spectra~right-hand side plot! corresponding to locations indicated i
the images are shown.~b! 40mm315mm threshold voltage image is pre
sented.~c! Map of dC/dV signal peak width for the same scan area as
~b!; the peak width varies over the measurement area and thus influence
integrated capacitance.~d! Map of dC/dV signal peak height for the sam
scan area as in~b!; the peak height map is only partially correlated with t
threshold voltage map, indicating that threshold voltage variations a
from variations in both AlxGa12xN thickness and composition.
J. Vac. Sci. Technol. B, Vol. 19, No. 4, Jul ÕAug 2001
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voltage, were attributed to the effect of the electrostatic
tential of charged threading dislocations that cause locali
reduction or depletion of carriers from the 2DEG. An an
lytical model and simulations of electrostatic potential a
electron concentration were compared and used to exp
the observed features. The results obtained with the ana
cal model and the simulations were in good agreement, w
the simulation allowing a somewhat more accurate quan
tive description of the effect of the tip size on the electr
static potential and the electron concentration. Larger f
tures, severalmm in size with corresponding threshol
voltage shifts of up to 1 V or more, were observed in large
area scans. A detailed analysis of the SCM signal show
that these features are not purely a result of thickness va
tions in the AlxGa12xN layer, but are most likely attributable
to a combination of thickness and composition variations
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