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Lateral variations in threshold voltage of an Al ,Ga; _,N/GaN heterostructure
field-effect transistor measured by scanning capacitance spectroscopy
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Local dC/dV spectroscopy performed in a scanning capacitance micros8@dé was used to

map, quantitatively and with high spatial resolutior 50 nm), lateral variations in the threshold
voltage of an AlGa_,N/GaN heterostructure field-effect transistor epitaxial layer structure.
Scanning capacitance and the associated threshold voltage images show small round features less
than 150 nm in diameter with a corresponding shift in threshold voltage of about 1.5-2 V, and larger
features several microns in size with a corresponding shift in threshold voltage of approximately 1

V. The small features in the SCM and threshold voltage images are consistent with the presence of
charged threading dislocations, while the variations in threshold voltage over large areas could be
a result of thickness and/or composition variations in theGal _,N layer. © 2001 American

Institute of Physics.[DOI: 10.1063/1.1335840

Al,Ga _,N/GaN heterostructure field effect transistors 1.5 min. Due to polarization effects, a two-dimensional elec-
(HFETS9 have attracted intense research interest due to thetron gas(2DEG) is created at the AGa, _,N/GaN interface,
importance for microwave and high-temperature/high-poweeven in the absence of intentional dopifig*?
electronic applicatiorts* However, high threading disloca- Figure 1 shows scanning capacitance images and the
tion densities ¢10°-10°cm™?), are typically present and corresponding contact-mode topography images. The scan-
can lead to increased carrier scattetingd high concentra- ning capacitance data were acquired with a dc bias of 5 V
tions of acceptor-like trap levefsin addition, it has been applied to the sample fd), and 7 V for(b), while the ac
observed that the HFET threshold voltagér) can shift by — bias was fixed®2 V at afrequency of 100 kHz. Small round
up to 1.5 V near a dislocatiofithe presence of thickness and features with radii of 50-70 nm are observed in the top
composition variations in the ABa _,N layer can result in scanning capacitance image, while the large-area scan shows
further variations inVy.%° Thus far, however, only limited features typically several microns in size, which are similar,
quantitative experimental information is available to directlybut do not directly correlate, to the structure observed in the
correlate shifts in threshold voltage with threading dislocatopography image.
tions, thickness and composition variations, and other de- TO obtain a high-resolution threshold voltage map, we
fects.

In this letter, we report on the application of spatially
resolved scanning capacitance spectroscopy to quantify local
threshold voltages and to map threshold voltage variations
for an Al,Ga, _,N/GaN HFET; the observed shifts Wi and
their spatial distribution are consistent with the presence of
charged threading dislocations and with localized thickness
and/or composition variations in the ,&a_,N layer. All
measurements were performed with grounded,Si probe
tips in a Digital Instruments 3100 scanning capacitance mi-
croscope SCM) under ambient conditions with bias applied
to ohmic contacts on the sample. The sample used in these
studies consisted of a 23 nm undoped AGa, 7/N/1.2um
undoped GaN/0.lum AIN heterostructure grown on 4H-—
SiC(000) by metalorganic chemical vapor deposition.
Ohmic contacts were made to the sample by evaporation of
33 nm Ti/77 nm Al and subsequent annealing at 750 °C for

FIG. 1. Scanning capacitan¢keft-hand sid¢ and atomic forceright-hand

3E|ectronic mail: ety@ece.ucsd.edu side microscopy images ofa) a 2 umx2 um, and(b) a 40umx40um

YCurrent address: Department of Materials Science and Engineering, Thecan area. Locations where data for Fig. 2 were taken are marked by “1”
Pennsylvania State University, 121 Steidle Building, University Park,and “2.” The dashed boxes indicate the areas in which threshold voltage
PA 16802-5005. maps were takefsee Fig. 3.
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FIG. 2. (a) Plots of localdC/dV vs tip biasVy,, taken at the locations
indicated in Figs. (8 and 3a) by “1” and “2.” (b) Capacitance-voltage
characteristics, obtained by integration of tth€/dV data in(a). (c) The
charge Q in the two-dimensional channel of the @4, _,N/GaN HFET,
obtained by integration of th€—V curves in(b). The threshold voltage is
given by the intercept of two linear fits to the linear regions.

FIG. 3. Threshold voltage maps and corresponding histograms of the areas

indicated by dashed boxes in Fig. 1. The scan sizes (are950 nm
reduced the scan area to 1Amnm and measured the X700 nm and(b) 40 umXx15um. The contrast scale for both images is

dC/dV signal from the SCM as a function of a dc bias shown on the lower left-hand side comer. Large variations in threshold
Vsample This bias was ramped from @ 88 V with a fre-  voltage are clearly visible in both maps. Features that correspond to those
quency of 5 Hz and added to the SCM ac bias. To reducebserved in the SCM image in Fig(& are marked by “1"-"5."
noise, we averaged multiplgypically 50—-400 dC/dV vs V
curves. We then moved the tip in steps of 50 nm and rescale variations in/;. The large distributions in threshold
peated the procedure. For low-resolution threshold voltaggoltage observed at these length scales have important impli-
maps of larger scan areas, such as tha#x40um areaas cations for the reproducibility of device performance, i.e.,
shown in Fig. 1, we scanned the tip at each point over alepending on the degree and spatial distribution of localized
area of 500nm500nm, thus effectively averaging the variations inVy, a set of devices might show a large distri-
dC/dV vs V curve over this area, and used a step size of bution in actual transistor threshold voltage.
pm. The small round features in the smaller scan are consis-
The dC/dV vs V data were processed by subtracting atent with the presence of charged threading dislocations at a
linear background that arises from uncompensated stray cgensity of about 1%cm™2 in the sample. Several groups
pacitances, and then normalizing to a peak amplitude ohave reported that threading dislocations in I11-V nitride het-
unity. Figure 2a) shows thed C/dV data plotted in the usual erostructures can produce acceptor-like trap staibih be-
representation, i.e., versus tip bi¥§,= —Vgampie fOr tWo  come negatively chargéd:}* This charge can result in
different points in the smaller scan: one on top of a rounddepletion of the 2DEG at the /Ba_,N/GaN interface,
feature(denoted by “1” in the figuresand an area with little  causing a shift in threshold voltage near the threading dislo-
SCM contrastdenoted by “2"). An integration of these data cations which would be observed in the scanning capacitance
yields the capacitance-voltage characteristics shown in Figlata and th&/; map.
2(b), and a second integration yields the charge within the  We can estimate the effect of a charged threading dislo-
2DEG versus voltage. The threshold voltage is then obtainegation on the SCM contrast feature and on the local shift in
by linear extrapolation, as shown in Fig(c2 threshold voltage. Assuming a tip with a radius of curvature

Figure 3 shows maps of the threshold voltage within theof 15 nm, we would estimate an actual feature radius of
dashed areas indicated in Fig. 1. Both small35-60 nm for an observed feature radius of 50—75 nm due
(~100-150nm) and larger<3—7um) features are ob- solely to the convolution of the actual feature with the tip
served at length scales consistent with those observed in thgape. In addition, the observed feature radius is increased
corresponding SCM scans. A direct correlation between they a depletion region of about 30 nm formed by the tip in the
threshold voltage maps and SCM images is complicated byl Ga, N layer. This results in a final actual feature radius
thermal drift of the piezo and delays in the piezo responsepf about 30 nm or smaller.
which can result in a slightly shifted and stretched threshold  The potential due to a charged line, with screening by
voltage map as compared to a SCM image of the same areianized impurities and free electrons, is givertby
To highlight the correlation between the SCM images and
the threshold voltage maps, five corresponding locations are 1 r
marked in Figs. 1 and 3. U(r)= 4778802q7K0(E)' @)

The statistical distributions of the threshold voltages,
shown in Fig. 3, are characterized by an average value oftherexp=/(kTeeo)/(q°Ny) is the Debye lengthe is the
—3.5V and a standard deviation of 0.6 V f@@, and an relative dielectric constant,, the vacuum permittivityg the
average value of- 4.8 V with standard deviation of 0.7 V for electron chargey the line charge density, the modified
(b). The observed difference in the average threshold voltBessel function of the second kind of zeroth orderthe
ages for the small and large area scans is a result of the largistance from the linek the Boltzmann constant, the tem-
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perature, andNy the background dopant density. We can use  In conclusion, we have used locdC/dV spectroscopy
Eq. (1) to describe the potential due to a charged threadingerformed in a scanning capacitance microscope to quantify
dislocation by settingy=f/c, wheref is the fraction of filled and map the threshold voltage distribution in an
traps(ranging from 0 to 1 andc the[0001]] lattice constant Al,Ga _,N/GaN HFET structure. We observed small
of Al,Ga,_,N. Assuming a dislocation density of 6m 2  round features which showed a threshold voltage shift of
and a background dopant density of'3@m 3 within the  about 1.5-2 V compared to the average threshold voltage,
Al,Ga,_N layer, one obtairt§ f~0.5 and a Debye length and larger features several microns in size with correspond-
of ~3.5 nm at 300 K. The effect of the potentld(r) ceases ing threshold voltage shifts of uptl V or more. The small
to be significant wheld (r)<KkT, i.e., whenr =3.25\. We features exhibit approximate charge densities consistent with
thus obtain an estimated feature radius of about 11 nnthe presence of charged threading dislocations that cause lo-
which is well within the above mentioned range of 30 nm orcalized reduction or depletion of carriers from the 2DEG.
smaller. The estimated density of these features-i$0° cm 2. The

In the vicinity of these features, the maximum thresholdlarger features are postulated to arise from a combination of
voltage shiftAVy from the average value is about 1.5-2 V, thickness and composition variations in the,®@& _,N
which is consistent with previous measurements by Hanselayer.
et al” Using the expressio®=—CAVy, whereC is the i )
capacitance per unit area of the &, _,N barrier layer, we .The authors t_hank Dr. X. Z. Dang.for help in the fabri-
estimate the measureiiV; to correspond to a charg@ of cation of the ohmic contacts. Part of this work was supported
about —3.4 to —4.6x 102e/cm?. This value is approxi- PY ONR under Grant Nos. N00014-99-1-072BOLARIS

mately equal to the amount of charge expected to be corf/lURI, Dr. Colin Wood and N00014-99-1-0548DURIP,
tained, within the AJGa, ,N barrier layer and an area equal P+ John Zolperand by BMDO(Dr. Kepi Wu).
to the tip size, on a threading dislocation with linear charge
density of about- 10’ e/cm~0.5¢/c.
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