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We present the results on piezoelectric and pyroelectric doping in AlGaN-on-GaN and
GaN-on-AlGaN heterostructures and demonstpa@aN/AlGaN structures with accumulation hole
layer. Our results indicate that polarization charge can induce upxth05 cm™2 holes at the
AlGaN/GaN heterointerfaces. We show that the transition from three-dimensi@mal to
two-dimensional(2D) hole gas can be only achieved for hole sheet densities on the order of
10" cm™ 2 or higher. At lower densities, only 3D-hole accumulation layer may exist. These results
suggest that a piezoelectrically induced 2D-hole gas can be used for the reduction of the base
spreading resistance in AlGaN/GaN-based heterostructure bipolar transisto)0@®American
Institute of Physicg.S0003-695(00)00421-§

Recent proposals of inducing two-dimensio(#D) hole  up to 450 K, the sheet hole densitps, increased to
gas by piezoelectric effects in AlGaN/GaN heterostructures10™® cm 2, but the hole mobility further decreased to ap-
stimulated interest in exploring these heterostructures for aroximately 4 crV s. We estimated mean free path,ver-
drastic reduction of the base spreading resistance in GaNsus hole mobility and hole gas accumulation layer width,
based heterostructure bipolar transist¢i8Ts). One of the X, versus sheet hole densityee Fig. 2 For a given hole
most challenging problems in realizing these devices is tanobility, an accumulation layer existsf<X,., and 2D gas
achieve a reasonable base spreading resistance. A smafirresponds ta > X,.. For the measured hole mobility of 6
base-spreading resistance is the most important feature 6M7V's, the estimated transition from three-dimensional 3D
GaAs- or InP-based HBTSs. In a grown AlGaN/GaN HBT, ato 2D holes corresponds to %30'*cm™? (see Fig. 2
sheet resistance of 75(0kper square was estimatédVe  Since measured sheet hole density was smaller than 7.5
expect that, using a piezoelectric effect, a 2D-hole density< 10'* cm™?, we conclude that we must have 3D and not 2D
induced into the base of a GaN-based HBT can result in th&oles in the measured sample at room temperature. We esti-
considerable reduction of the base-spreading resistance, affate that the holes become two dimensional foy
possibly, reduction of the contact resistance as well. Sinc&” 10" cm™? (at 450 K in our sample
the holes in the 2D gas might have a higher mobiliigr We calculate typical densities of the 2D-hole gas for a
example, around 100 &iV's), we speculate that the sheet model heterostructure with a Schottky gate contact shown in
resistance can be reduced to approximatehfiper square. Fig. 3. Our calgulations use an analytical.self—con'sistent so-

In this letter, we demonstrate an experimental evidencd!tion of the Poisson and Scldinger equations for inverted

of the accumulation of holes ip-GaN/AlGaN heterostruc-

tures. Also, we present the calculated band diagrams and 300 350 400 450
sheet hole density in AlGaN/GaN heterostructures where [~ ; """" e L6 g
spontaneous and piezoelectric polarizations, as well as strain - _ j5 ™
relaxation effects, are taken into account. .« ~— T i

Figure 1 shows the sample structure we used for our o 10  Toesocammaton Tayer 3 3
measurements. The top 50 m¥GaN layer was Mg doped to 5 7 Soom  p-GaN g
yield the bulk hole concentration of>210'7 cm™2 for the < Tonm sirained AIGaN barier
total estimated sheet density of2@m™2. This layer was % AIGaN superiattios buffer
grown on top of the superlattice structure with the top 10 nm ‘e 17 Bulk
strainedp-AlGaN layer. The measured sheet density in our a e (Theory)

- = asured

sample at room temperature was %802 cm 2, well o J
above the estimated contribution from the foyiaN layer. @
This value is consistent with the calculations based on the 2 0'1306 """" o JAPSRRAAN 50

theory of elasticity. The measured hole mobility was 5—-6 Temperature (K)

cn?/V's. As shown in Fig. 1, with an increase in temperature

FIG. 1. Measured temperature dependence of hole mobility in the hole
accumulation layeftop). Temperature dependence of the measured sheet
dAuthor to whom correspondence should be addressed; electronic maihole density and the bulk contributioftheory) in the hole accumulation
gaskar@rpi.edu layer (bottom). Inset shows epilayer design of the structure.
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FIG. 3. Calculated 2D charge density distribution including piezoelectric

and spontaneous polarization charges, metal surface charge, accumulati :
hole chargetop N) [Fig. @] and depletion charggop Ga [Fig. 3(b)] for %recm’ Cszandes, ez are the AlGa, _xN or GaN elastic

metal/AIGaN/GaN heterostructure. Al malar fraction is 0.25. No donors inCONStants and piezoelectric constants, respectivelyuanid
AlGaN. In GaN,N,=10" cm 3. the strain component in the interface plane. The piezoelectric
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constants of GaN were extracted from GaN electromechanicomparison, in Fig. 4 we plotted separately the contributions
cal coupling coefficientgsee Ref. } The spontaneous po- into sheet hole density from the spontaneous polarization and
larizations were taken from Ref. 4 the piezoelectric effect. In unrelaxed heterostructures, these

P~ Po,=+0.05X. 3) contributior!s are aImqst equall, and, therefore, equally impor-

tant (see Fig. 4. This is despite the fact that spontaneous
The sign in Eqs(2)—(3) depends on the face orientation at polarization charge is substantially larger than the piezoelec-
the surface and at the heterointerfaces. A hole concentratiafic charge in AlGaN(see Fig. 3. The reason for that is the
enhancement corresponds to a nitrogen-terminated top sysartial compensation of the spontaneous polarization charge
face, whereas electron concentration enhancement corref AIGaN by an opposite spontaneous polarization charge of
sponds to a gallium-terminated top surfdsee Fig. 33 GaN at the heterointerfadsee Fig. 3.

Figure 3 shows the calculated band diagrams, 2D charge In conclusion, our calculations show that a sheet hole
density, and schematics for AlGap/GaN heterostructures. density as high as 810 cm™2 can be obtained due to the
The hole density strongly depends on the piezo- and pyropiezoelectric and spontaneous polarization effects. We ex-
electric polarizations, and AlGaN barrier thickness. Figure 4pect that a similar 2D-hole density can be induced into the
shows the calculation results for the sheet hole denpily, base of a GaN-based HBT resulting in the considerable re-
generated by the piezoelectric doping in@& _N/p-GaN  duction of the base spreading resistance, and, possibly, re-
heterostructure field effect transistqt$FETS as a function  ducing the contact resistance as well. The results suggest that
of the Al molar fraction. The sheet electron density was cal-a reasonable base spreading resistance in GaN-based HBTs
culated at zero bias voltage taking into account the spontamight be realized by piezoelectric doping if the hole mobility
neous polarization and strain relaxation in AlGaN. A sheelis enhanced.
hole density from 1 to %10 cm™2 can be generated at _ .
zero bias voltagésee Fig. 4. Strain in AIGaN was analyzed The work at _Rensselaer Polytechnlc_ Instltute_ was sup-
using a misfit dislocation relaxation mechanism. ported by the Office of Naval Resear@roject monitor Dr.

Our calculations show that, as im type, larger sheet John Zolpey. The work at USC was supported by the Bal-
concentration can be generated by the total polarization ifStic Missile Defense OrganizatiotBMDO) under Army
HFETs with thinner barrier layers and higher Al concentra-SSDC Contract No. DASG60-97-C0066, monitored by Dr.
tions. For example, at=0.9, almost two times largas, can  Brian Strickland and Dr. Kepi Wu.
be generated using 3 nm AlGaN than using 30 nm AlGaN 1 ¢in wood (private communication
(see Fig. 4. Even in partially relaxed structures, the maxi- 2L. S. McCarthy, P. Kozodoy, M. J. W. Rodwell, S. P. DenBaars, and U.
mum ps is over 3x 10** cm™? for high Al molar fractions. K. Mishra, IEEE Electron Device Let20, 277(1999.

As can be seen from the figure, the maximum sheet hole agg})Bykho"Sk" B. L. Gelmont, and M. S. Shur, J. Appl. P4, 6332
concentration in unrelaxed heterostructures at zero bias voltsg “gernardini. V. Fiorentini, and D. Vanderbilt, Phys. Rev5B 10024
age is estimated to be approximately< 503 cm 2. For (1997.
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