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We have performed an analysis of the influence of the probe tip geometry in scanning capacitance
microscopy and spectroscopy measurements on aGapl,N/GaN heterostructure field-effect
transistor(HFET) structure. The extremely small probe tip sizgpical apex radius-10—30 nm)

makes a detailed analysis essential in comparisorkCadV spectra with standard, large-ar€dv
measurements. Using three-dimensional simulation software, we have cald@#tAdspectra for
various tip geometries and have found that the nanoscale tip structure influDtBg spectra
strongly, while the macroscopic shape has a much smaller influence @Cid¥ spectra. Thus,
caution must be exercised in comparison of individd@ldV spectra obtained over periods during
which the probe tip geometry might have changed. We have analyzed these effects in detail and
assessed their influence on the extraction of parameters such as threshold voltage, layer thickness,
doping concentrations, and information about trap states in nitride HFETs and other electronic
device structures. €002 American Vacuum SocietyDOI: 10.1116/1.1491536

[. INTRODUCTION large-area capacitance—voltagé—V) measurements, and
provide a detailed analysis of the effects of the probe tip

Scanning capacitance microscof§CM) in combination  geometry and an assessment of their influence on the extrac-

with scanning capacitance spectrosc6ES has been used  tion of parameters such as threshold voltage, doping concen-

extensively for nanometer- to submicron-scale characterizarations, layer thickness, and information about trap states in

tion of electronic structure in semiconductors. Notable applinitride HFETs and other electronic device structures.

cations have included two-dimensional dopant profiling on

Si-based device structufes and imaging of local electronic

properties in group lll—nitride heterostructure field-effect

transistoryHFET9.*® In SCS a bias voltage, consisting of a

high frequency ac bia¥,. added to a slowly varying dc bias 1l. SCANNING CAPACITANCE SPECTROSCOPY

ramp V., is applied between the sample and a conductive

probe tip, anddC/dV versusV,. spectra are recorded as a SCM is performed in an atomic-force microscBpeith

function probe position. While qualitative interpretation of an ultrahigh frequency resonant capacitance sensor con-

SCM images and SCS spectra is in many instances well urf2ected to a grounded probe tip via a transmission line, which

derstood, quantitative interpretation of SCM results requireds attached to an oscillator and sensing circuit and tuned near

careful analysis of, among other factors, the role of the probds resonance frequency of about 900 MHz. When the tip is

tip.8” Thus far, only limited studies on the detailed effects ofbrought into contact with a sample, a shift in resonance fre-

the probe tip geometry on thgC/dV spectra have been re- guencyAf occurs due to the resulting tip—sample capacitive

ported. For instance, blunt tips often result from scanning fofoadC on the transmission lin¥,and a sensor output voltage

long periods of time over which the tip shows increasingVso: Which is given by

wear. Based on limited simulation of a round versus aflattip \, _ .\¢ 1)

with a radius of curvature of 35 nm, it has been reported that ~ *° ’

the SCM signal is affected significantly as the tip changesvherec is a constant, is measurétiThe tip—sample capaci-

from round to flat shap&In addition, it has been reported tanceC can be probed in the usual manner by modulating

thatdC/dVspectra cannot be described with a simple paralletarriers in the sample with a sample bias containing ac and

plate capacitor model due to the effect of the fringing fieldsdc componentsV =V .+ VacSin(w,t). It is generally as-

and that two-dimensional electrostatic simulations are resumed that the resonance frequency shift and thus the

quired to calculatedC/dV spectra for a fixed tip size and measured sensor output voltage is proportional to the deriva-

shapée® tive dC/dV of the tip—sample capacitance at a given dc bias
In this article, we describe in detail the SCS techniqueVq.. A quadrature lock-in amplifier can then be used to mea-

discuss the direct comparison of SCS spectra with standardure the capacitance sensor output with a high signal-to-

noise ratio'® Two reference signals, sift+ ¢) and
dElectronic mail: ety@ece.ucsd.edu coslyd+ ¢) are used, where is the base offset between

1671 J. Vac. Sci. Technol. B 20 (4), Jul/Aug 2002 1071-1023/2002/20(4)/1671/6/$19.00  ©2002 American Vacuum Society 1671



1672 D. M. Schaadt and E. T. Yu: Scanning capacitance spectroscopy of Al «Ga; _N/GaN 1672

the reference signals and the bias applied to the sample. Ihis thus necessary to optimize the phase offset between the
polarity mode’® the output voltage of the capacitance sensoreference signal and the sample bias in this mode of opera-
is measured with respect to the reference signalegit( tion to obtain the maximum output voltage. To avoid this

+¢) and is given by problem, it is possible to measure the output voltage with
1 (T _ 2 respect to each reference signal and calculate its magnitude
Vg™ T fo Vedt)-sin(wad+ p)dt, T= P (2 as follows:
ac

2
+

2

11
?J'Ovso(t)'cos(wact"'(f’)dt - 3

0

J— \/ 1r71 _
Vo= (?f Vel 1) - sin(wad + ¢)dt

This mode of operation is referred to as magnitude m8de, large-areaC—V measurement with aC/dV spectrum ob-
and the resulting capacitance sensor output voltage is indéained in SCM, both measured on an @k, _,N/GaN HFET
pendent of the phase shift between the reference signals asttucture® The large-are€-V curve, shown in Fig. () as a
the applied bias. solid line, was obtained with an ac bias of 250 mV at a
The modulation of the resonant frequendyf arising frequency of 100 kHz and with an In Schotty contacs00
from the ac component of the sample bias voltagé;  umXx500 um in size. ThedC/dV spectrum, shown in Fig.
=V, sSin(w,d) can then be calculated using a first-order Tay-1(b) as a dashed line, was obtained in a SCM with a CoCr
lor series approximation fovs nearVy., as follows: probe tip and an ac bias of 250 mV at a frequency of 100
df kHz. To enable direct comparison of these measurements,
Af=f[Vet Vasinwad) = f(Vad =gy VasiNwad) either an integration of thedC/dVspectrum, indicated by the
various dashed or dotted lines in Figal, or a differentia-

\Z C
’ (4)  tion of the large-are&€-V curve with respect t&, shown in
with Fig. 1(b) by the solid line, is necessary. It is apparent from
Fig. 1 that curves obtained via integration of the measured
df of dC fdC fy4dC dC/dVspectrum are characterized by a much broader transi-
av_acav_ "MOcwTreav ®) " fion than that exhibited by the measured large-a@ed/

curve, and that the peak of tl€/dVspectrum in Fig. (b) is
broader than that for the differentiated large-a@ed/ curve.
The difference between the large-scale and small-scale mea-

wheref is the drive frequency angl(f,C)~ vy, is the fre-
quency sensitivity! which is approximately constant and
equal to 0.5 forf =f4 and for small changes i€. For op-
eration in magnitude mode, we finally obtain using Eds.

and(3): . . .
a) 1of e
Vo Sloye a2 39y, © = O%Fovanedfondciavasa
~=|c =G . '
2 o ic dv v & E o6 I by integration using:
This analysis confirms that the m red fr ncy shiftand DI ]
s analysis co s that the measured frequency shiftand  g2[ 777" =3¢ rgoarea G-V

thus the measured change in sensor output voltage is propor- b measurement 3
tional to the derivativelC/dV of the tip—sample capacitance | —t——t

N’

obtained from large-area

at a given dc biad/y.. Thi§ has implicatio_ns for measure- -g 06 C-V data by differentiation .

ments of C-V curves ranging from depletion to accumula- = I

tion or inversion, which will be discussed in Sec. lII. 3 0.4 | measured dC/dV data - ]
2 02} \'@

[ll. THEORETICAL MODELING AND COMPARISON g 0.0' . . . .

WITH EXPERIMENT 7 i 5 4 3 2 2] 0

A. Parallel-plate capacitor model mebe \3

As mentioned in Sec. IdC/dV spectra obtained in SCM Fe. 1. (a) Plots of aC—V characteristic measured for a large-area Schottky
cannot be accurately described using a simple parallel-platgontact and ofC-V curves obtained via integration of a loadC/V spec-
capacitor model because of the importance of fringing field%rum' measured by scanmng_capacnance spectro;copy, fpr different integra-

. EFhis effect is illustrated ion constants(b) CorrespondlngiC/chu_rves showing the |nf|uen_ce of the
at small tip—sample contact ar€ashis effect is illustrated area. ThedC/dV curves are normalized to the peak area, i.e., to the

in Fig. 1, in which a comparison is shown of a standardaccumulation capacitance ia).
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Fic. 2. Schematic diagram of the simulated tip shape and sample structure. ;‘
The tip is characterized by the radius of curvatuyg, the side angle, and et
the bluntnessy, which is given by the angle up to which the tip apex a
remains flat. The tip—sample contact area is given approximatelA by ©

~ (I p SIN B)2

. 1G. 3. (a) SimulatedC-V curves andb) correspondingiC/dV spectra for
surements is a result of the strong dependence of the deplEp radii of curvature ranging from 30 to 90 nm in steps of 10 nm. As the

tion depth on the tip—sample contact area, as described ¥dius of curvature increases, the difference between accumulation and
detalil in Sec. Ill B. These results show clearly that it is es-depletion capacitance, and thus the peak height ind®@V spectra, in-
sential to take the tip size and shape into account, which we'eases.
have done using numerical simulations of the electrostatic
potential. The studies described in Sec. Ill B extend consid-
erably beyond those previously reporfed;*>which gener-  angle quantify the nanoscale structure of the tip apex, and the
ally do not consider the precise influence of the nanoscale tigide angle describes the macroscopic structure of probe tips
shape on thelC/dV spectra. typically employed in SCM. Thus, the simulated tip geom-
An additional difficulty arises in the comparison betweenetries do not correspond exactly to actual probe tip struc-
large-areaC-V measurements and localC/dV spectra. tures, but are reasonable approximations and allow the simu-
Since the derivatives of the capacitance in depletion antation of the most influential geometric factors on t@/dV
accumulation/inversion are nearly zero, integration of thespectra. The simulated sample structure, which corresponds
dC/dV curve will not yield the ratio between depletion and to an actual sample for which experimental SCS data are
accumulation/inversion capacitance, or the depletion, accishown in Fig. 1, consists of 13 nm AGa, ;N dopedn
mulation, or inversion capacitance itself. The depletion catype at a concentration 0£410'® cm™ atop a 250 nm GaN
pacitance is given by the integration constant and cannot bi@yer with a donor concentration ofx110'® cm™3. Fixed
obtained directly from thelC/dV data. The effect of this polarization charges at the /{Ga, ;/N/GaN interface and
integration constant on th&-V curves obtained by integra- at the A}, ,{Ga, 7N surface are simulated by heavily doped 4
tion is shown in Fig. a) for different assumptions of the and 2 A thick layers next to the interface and surface, respec-
ratio between depletion capacitar@g and accumulation ca- tively. The dopant concentration in the interface polarization
pacitanceC,. As one can see, the shape of BeV curves  charge layer is chosen such that, if multiplied by the layer
depends strongly on the assumed depletion capacitance. Ittisickness of 4 A, the equivalent of the theoretically predicted
therefore necessary either to obtain additional informatiorpolarization chargé is obtained. The dopant concentration
about the depletion or accumulation capacitance in order tth the surface polarization charge layer is chosen such that
fit modelC—V curves to integrated experimentiC/dVspec- the experimentally measured two-dimensional electron gas
tra, or to simulatedC/dV spectra directly for a specific electron concentration at zero bias and the threshold voltage
sample structure and tip shape. for a large-area Ni Schottky contact are approximately repro-
duced. A work function of 4.9 V is assumed for the tip metal
to simulate a Co/Cr tip, which is commonly used in SCM.
The tip shape and size are characterized by a tip radius of
Using commercial three-dimensional device simulationcurvature ranging from 30 to 90 nm, side angles ranging
software!® we have calculateddC/dV spectra for an from 15° to 25°, and various degrees of tip bluntness ranging
Al 2Gay 7AN/GaN HFET epitaxial layer structure, taking from 5°to 40°. The lower limit of 30 nm for the tip radius of
into account several possible variations in tip geometrycurvature is chosen since it corresponds to an actual apex
Spectra were obtained by numerical solutions of Poisson’sadiusr,=ry,sing of ~3—20 nm for the simulated range of
equation in cylindrical coordinates, with the tip shape de-bluntness and is thus comparable to sharp probe tips em-
fined by the radius of curvaturg,, a characteristic angle of ployed in SCM and SCS. The upper limitsrgf,=90 nm and
bluntnessp defined as the angle up to which the tip remains¢=40° correspond to an actual apex radius of 60 nm and
flat and is in direct contact with the sample, and the sideaepresent a blunt tip. The side ohmic contact is simulated by
angle # as shown in a schematic drawing for the simulatedan Al layer with a work function of 4.1 V, placed on top of
structure in Fig. 2. The tip radius of curvature and bluntnesshe GaN layer as shown in Fig. £-V curves are derived

B. Numerical simulations
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FiG. 4. (a) Plot of the simualted accumulation capacita@geat 0 V and the 100 ... 30° i 40° /,{'-'/ ~ E

depletion capacitanc€y at —7 V as a function of tip radius of curvature St g e e E S 7 N iicad

r'ip- The dotted line represents a fit to the accumulation capacitance of the 0 1 I e
form Cl'=a-+brZ,. (b) Plot of the depletion capacitance normalized to the 7 6 -5 -4 -3 2 - 0

accumulation capacitance, indicating that @g/C, decreases with increas-
ing tip radius of curvature.

using an ac tip bias of 250 mV amplitude at a frequency of
100 kHz to simulate typical conditions in SCM measure-
ments. From thes€-V curves,dC/dVspectra are calculated
by differentiation.

Figure 3 shows simulate€-V curves and the corre-
spondingdC/dV spectra as a function of tip radius of curva-
turer , for a side angle of 20° and bluntness angle of 20°. As
the tip radius of curvature increases, the difference betweegg. 6. (a) Plots of simulatediC/dV spectra for tip geometries with a fixed
the accumulation capacitance and the depletion capacitansie angle of 20°, tip radii of curvature of 30, 60, and 90 nm, and bluntness
increases. This has a very pronounced effect ond®&lV angles of 20°, 30°, and 4Q°. The peak heig'ht and position depend strqn_gly
specira as seen n Figit. The peak height and positon are 91 PnEss ol wib he mostpominentefect o e posk positor
strongly dependent on the tip size. Figure 4 shows plots 0§t the simulated tip geometries.
the accumulation and depletion capacitanCgandCy, re-

P N | -'; M|
0 10 20 30 40 50 60 70 8
' X [nm]

spectively, as a function of tip radius of curvature. The
dashed line represents a fit to the accumulation capacitance
Tip = of the form C'=a+b rf,, with a=10.7 aF anch=0.0038
0N aF/nnt. It is expected that the accumulation capacitance is
proportional to the tip—sample contact aiawhich is ap-
proximately given byA~ (r, sing)? for a tip radius of
curvaturer j, and an angle of bluntness ¢f The accumula-

fip = 30 Nm
Al.,Gaz,N

Tip

tion capacitance should therefore be given approximately by
101 C,~0.022 aF/nrh rtzip. This is in good agreement with the
13}; form of the fitted curve aside from the constant offset, which
GaN M 1010 is a result of the fringing fields extending from the side of the
= }$ probe tip. This shows that the accumulation capacitance
= :$ scales with the tip—sample contact area as expected. On the
Q20nm W oo other hand, the plot of the depletion capacitance normalized
@ (b) © to the accumulation capacitance, and thus to the contact area,

shows that the normalized depletion capacitance does not
Fic. 5. Plots of the electron concentration in the AGa, 74N layer and the ~ Scale with contact area and decreases with increasing tip ra-
GaN layer of a HFET structure at a tip bias-e¥ V for tip geometries with  djus of curvature. This is a result of increasing depletion

a bluntness angle of 20° and a side angle of 20° and radii of curvateg of s . . .
30 nm, (b) 60 nm, and(c) 90 nm. The dark areaow electron concentra- depth with increasing contact area, as shown in Fig. 5. As the

tion) correspond to the depletion region. With increasing tip radius of cur-tip—sample contact area increases, the depletion radius re-
vature, the depletion radius remains approximately equal to the contact aremains approximately equal to the tip—sample contact area

radius, while the depletion depth increases, causing a decrease in depletipg_dius; however, the depletion depth increases and thus the
capacitance relative to accumulation capacitance.
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' ' T ' contact area. Thus, caution must be exercised in comparison
X of individual dC/dV spectra obtained over periods during
which the probe tip geometry might have changed.
We have also assessed the influence of the macroscopic
—+— - ] structure of the tip, as quantified by the side angle of the tip,
20p sideangle: . . i = 60 N 7 on dC/dV spectra shown in Fig. 2. SimulateiC/dV spectra
[ for side angles of 15°, 20°, and 25° are shown in Fig. 7. It is
1.0 ) .
05k apparent from the figure that the side angle has a much
| —— ——t : f—t smaller influence on théC/dVspectra than the nanoscale tip

03
02
0.1

dC/dV [aF/V]

75F 1 ' ' : ! |
.o Sideangle: r,, =90 nm ] structure, i.e., the radius of curvature and bluntness.

. 15° —--- 20° J ] ) . .
45F 25° A comparison of a simulatedC/dV spectrum for a tip

?'g C ] with a radius of curvature of 30 nm, a bluntness angle of 40°,
00 . . . ! . . and a side angle of 20° with the measud&t/dV curve from
7 6 5 4 3 2 0 Fig. 1 is shown in Fig. 8. The overall shape of the measured

VTip M dC/dV spectrum is reproduced fairly well for the simulated
tip geometry.

The numerical simulations demonstrate that the nanoscale
tip structure, characterized by tip radius of curvature and
bluntness, influencedC/dV spectra strongly, while the mac-
depletion capacitance decreases. This results in a large difescopic shape, given by the side angle, has a much smaller
ference betwee@, andC,, and thus in a large peak height influence on th@lC/dV spectra. This has significant implica-
in the dC/dV spectra. The increase in peak height allows aions for the feasibility of quantitative extraction of param-
higher resolution in thelC/dV signal, but this is offset by a eters such as threshold voltage, layer thickness, and dopant
decrease in lateral resolution due to the increase in tipconcentrations, and of detailed information about trap states
sample contact area. in nitride HFETs and other electronic device structures.

To assess the influence of the contact area in more detail, |n the case of an AGa,_,N/GaN HFET epitaxial layer
we simulated the behavior of tips with varying degrees ofstrycture, if the tip radius of curvature and tip bluntness are
bluntness. The dependence of the simulad€ddV spectra  ynknown, it is difficult to extract precise quantitative values
on tip radius of curvature and bluntness angle is shown ifor the AlL,Ga,_,N thickness or the dopant concentration in
Fig. 6(a). The lower portions of the simulated tip geometriesthe GaN layer frondC/dV spectra. A change in AGa,_,N
are shown in Fig. @). As the tip becomes more blunt the |ayer thickness would result in a change in accumulation
area of tip effectively increases, causing ti€/dV peak capacitance, while a change in GaN dopant concentration
height _to increase as well. The bluntness effect is largest faf,gyid affect the depletion capacitance. Both parameters
small tip radius of curvature, as expected based on the preyoy|d thus change the relative difference between accumu-
ceding discussion of the relative importance of the fringing|4tion and depletion capacitance and thus affect the slope in
fields and the increase in depletion depth with increasingyo c_v/ curve and therefore the peak height in the/dV

spectrum. Similar situations can occur in characterization of
T y T - T - other electronic device structures, for instance, in dopant pro-
04} ____ measured . i filing of Si structures, where th@éC/dVpeak height varies by
— simulated S ] approximately a factor of 2 for a tip apex radius of 50 nm
' over a doping range from 10 to 19'° cm 3! Larger
changes in peak height can occur if the tip geometry
changes. To extract the correct doping, it would be necessary
to fit the experimental data with simulatel€/dV curves us-
ing an accurate description of the tip geometry. If the nanos-
cale tip structure is not well known, large errors in extracting
layer thicknesses or dopant concentrations can occur while
fitting experimental data with simulated curves.

Fic. 7. SimulateddC/dV spectra for several tip radii as a function of side
angle. The side angle has a negligible effect ondédV spectra.

0.3

0.2

0.1

dC/dV [norm.]

0.0 Although it is difficult to determine the exact nanoscale
. ) . ! tip structure for a given measurement, there are methods to
-6 -4 -2 0 circumvent the above problems. The tip shape might be ob-
VTip \Y| tained by deconvolution of topographic images of a sample

with a known geometry. In order to obtain information about
Fic. 8. Comparison of measureiC/dVdata with simulatedC/dVspectrum  the nanoscale tip structure, the exact nanoscale structure of

for a tip with radius of curvature of 30 nm, bluntness angle of 40°, and sid i ; ;
angle of 20°. The curves are normalized to t@/dV peak area. The shape the sample must be known. Additional information about the

of the measuredIC/dV spectrum is in good agreement with that obtained t?p shape can b? Obtained_ in the following manner. Calibra-
from the numerical simulations. tion samples with well-defined and well-characterized layer

JVST B - Microelectronics and  Nanometer Structures



1676 D. M. Schaadt and E. T. Yu: Scanning capacitance spectroscopy of Al «Ga; _,N/GaN 1676

thicknesses and dopant concentrations, and a low density @ffluence on thelC/dV spectra. Thus, caution must be exer-
trap states to avoid additional changes in d@dVspectra, cised in comparison of individuadlC/dV spectra obtained
could be used to obtain an approximate tip shape by fittingver periods during which the probe tip geometry might have
simulateddC/dV spectra for a set of possible tip shapes tochanged. We have analyzed these effects in detail and as-
dC/dV data recorded on the calibration sample. While thissessed their influence on the precise quantitative extraction
method has been demonstrated successfully for Si dopanf parameters such as threshold voltage, doping concentra-
profiling,® it is more difficult to obtain good calibration tions, layer thickness, and information about trap states in
samples in the AlGa, _,N/GaN system due to higher densi- nitride HFETs and other electronic device structures. Large
ties of trap states that can affetf€/dV spectra significantly. errors in the extraction of these parameters can occur if the
To be able to use this approach, measurements on the catietailed tip geometry is unknown, and simulated curves are
bration sample should be performed before and after the aditted to experimental data. To avoid these problems, calibra-
tual experiment to check if the tip shape has changed in thdon samples should be used to extract an approximate tip
course of the experiment. geometry.
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