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Polarization effects in AlIGaN /GaN and GaN/AlGaN/GaN heterostructures

Sten Heikman,® Stacia Keller, Yuan Wu, James S. Speck, Steven P. DenBaars,

and Umesh K. Mishra

Department of Electrical and Computer Engineering and Materials Department, University of California,
Santa Barbara, California 93106

(Received 18 February 2003; accepted 2 April 2003

The influence of AIGaN and GaN cap layer thickness on Hall sheet carrier density and mobility was
investigated for A Ga sdN/GaN and GaN/A;Ga d\N/GaN heterostructures deposited on
sapphire substrates. The sheet carrier density was found to increase and saturate with the AlGaN
layer thickness, while for the GaN-capped structures it decreased and saturated with the GaN cap
layer thickness. A relatively close fit was achieved between the measured data and two-dimensional
electron gas densities predicted from simulations of the band diagrams. The simulations also
indicated the presence of a two-dimensional hole gas at the upper interface of GaN/AlGaN/GaN
structures with sufficiently thick GaN cap layers. A surface Fermi-level pinning position of 1.7 eV
for AlGaN and 0.9-1.0 eV for GaN, and an interface polarization charge density of 1.6

X 101-1.7< 10" cm 2, were extracted from the simulations. BD03 American Institute of
Physics. [DOI: 10.1063/1.1577222

I. INTRODUCTION GaN/Aly 3Gay ¢N/GaN heterostructures is reported. Ob-
served changes in the sheet carrier density, in response to

AlGaN/GaN based high electron mobility transistors yariations in AlGaN and GaN layer thicknesses, are analyzed

have demonstrated great potential for high-power highand correlated to simulations of the band diagrams. Both the

frequency applications, with breakdown voltages in excesgoncept of a pinned Fermi level at the surface, and the for-

of 1 kv, and microwave power densities higher than 11mation of a 2DHG at the upper interface of some GaN/

W/mm at 10 GHZ A high sheet carrier density two- AlGaN/GaN structures, are invoked in the analysis. In fitting

dimensional electron gag2DEG) can be formed at the the simulated 2DEG sheet charge densities to the experimen-

AlGaN/GaN interface, without intentional doping of the tal values, good fits were achieved, and values for the inter-

structure. The polarization along th@001) axis of the face polarization charge and the Fermi-level surface pinning

(A)GaN crystal is the key factor determining the band struc-position, used as fitting parameters, were extracted.

ture and charge distribution in the heterostructuide dif-

ference in spontaneous and piezoelectric polarization bdt. EXPERIMENT

tween AlGaN and GaN effectively results in a fixed sheet of

polarization charge at the AIGaN/GaN interface. This polar- The sa_tmples were grown by metalorganic _chemlcal va-
. ! . or depositiofMOCVD) using the precursors trimethylalu-
ization charge is positive for structures grown on Ga-polarp

. . minum, trimethylgallium, and ammonia. The AlGaN/GaN
GaN, and serves to attract high concentrations of electrons, s .

- . . ayer structures were grown on @m semi-insulating GaN
The origin of the electrons is uncertain, however, the mos

. 2 ase layers, prepared on sapphire substrates. The base layers
plausible model to date, proposed by Ibbetetral,” sug- were rendered semi-insulating by Fe doping of the first 0.7

itlaég\}h;crgieelectrons originate from donorlike states on thﬁm of growth™ The AlGaN was grown under the following

. conditions: 1040 °C growth temperature, 100 Torr total pres-
G '\,lb\.rlaj[llogous tot thedforma'glon IO;: all ZI?aI;(i'ét an ,fAIGaN/ sure, 25 Torr ammonia partial pressure, and a growth rate of
al Interface, a wo-dimensiona’ hole d . ) can oM 5.8 Als. The growth conditions for the thin<0 nm) GaN
at an AlGaN/GaN interface with a negative polarization

- . _ . cap layers were the same, except for a lower growth rate of
charge?™” Such interfaces are present in AlGaN/GaN smgle0.5 Als. For the structures with a thick GaN cap layer, the
heterostructures on N-polar GaN, and in GaN/AlGaN/Ga '

G lar GaN h GaN/AIGaN | aN growth was performed at atmospheric pressure, at a
structures on Ga-polar GaN, at the upper Ga a 'nter'growth rate of 6 As.

face. The formation of 2DHGs has been observed experi- Three series of heterostructures were grown and, in each

mentally for Mg-dop.ed%?oaN/AlGaN/GaN structures and series, the thickness of one layer was varied. One series con-

AlGaN/GaN superlattices. _ sisted of single AlGaN/GaN heterostructures, with varied Al-
A detailed understanding of the heterostructure band digg 4 thickness, and two series consisted of GaN/AIGaN/GaN

grams, charge distribution, and surface effects, is essentighterostructures, with either the AlGaN thickness varied, or
for further developments in device designs. In this article o gan cap layer thickness varied.

a comprehensive study of @G edN/GaN  and Hall effect measurements were performed in the van der
Pauw geometry, on cleaved 6 mi® mm squares, using In

dElectronic mail: sten@ece.ucsb.edu contacts. The samples were generally measured within a few
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FIG. 1. The influence of AlGaN thickness on sheet carrier density and HalFIG. 2. The effect of GaN cap layer thickness on sheet carrier density and
mobility, for AlIGaN/GaN single heterostructure. The black lines are simu-Hall mobility, for a GaN/AlIGaN/GaN heterostructure with a fixed AlGaN
lation fits; the solid line assuming no point defects in the structure, thelayer thickness of 20 nm. The black solid line is a fit to simulations, and the
dashed line using a shallow acceptor concentration in the AlGaN layer as gray line connecting the Hall mobility points is a guide for the eyes.

fitting parameter. The gray line is a guide for the eyes.

nm and 228 nm, and a fixed AlGaN layer thickness of 20 nm.

hours of finishing the growth, to avoid aging effects. The Al The resulting sheet carrier densities and Hall mobilities are
composition, which was 32% throughout the study, and theplotted in Fig. 2, as a function of the GaN cap layer thick-
growth rates, were deduced from x-ray diffraction measureness. The presence of the GaN cap layer resulted in a reduc-
ments of an AIGaN/GaN superlattice calibration sample. Théion of the sheet carrier density, from 1:290"* cm™ 2 with
material quality was further assessed by transmission ele@o GaN cap, down to 520102 cm~2 with a 30 nm cap
tron microscopy(TEM) and secondary ion mass spectrom-layer. For a 228 nm thick GaN cap layer, the sheet carrier
etry (SIMS). density was & 10*? cm™2. It was observed that the samples

Simulations of the band diagram and the free carrier diswith GaN cap layers of thickness between 13 nm and 30 nm
tribution of the heterostructures were performed with a selfwere sensitive to the measurement conditions. For a probe
consistent one-dimensional ScHieger—Poisson solvéf.  current of 0.1 mA, the measured sheet carrier densities de-
The following material parameters were used: The band gapreased during consecutive measurements, in some cases up
of Al,Ga_,N at room temperature given byE(x) to 30%. The effect was reduced for lower probe currents. The
=X6.2 eV+(1—-x)3.4 eV—x(1-x)1.0 eV, conduction- Hall mobilities roughly followed the same trend as was ob-
band of“fsetAEczo.?[Eg(x)—Eg(O)],13v14 and dielectric  served for the first series, with increasing values for decreas-
constante, (x) =8.9— 0.4x.'>1® The effect of exchange cor- ing sheet carrier densities.
relation on Coulomb interaction was neglected, as this has In the third series, the GaN cap layer thickness was kept
been shown not to affect sheet carrier densities in AlGaNfonstant at 228 nm, while the AlGaN layer thickness was
GaN heterostructuré€.The background donor concentration varied between 20 nm and 50 nm. Figure 3 shows the result-
of the GaN and AlGaN layers was set to zero, based ofng sheet carrier density and Hall mobility, as a function of
SIMS observations, and on resistivity measurements ofhe AlGaN thickness. The sheet carrier density increased
nominally undoped GaN grown in our reactbr. with increasing AlGaN thickness, fromx7102 cm™2 for 20
nm AlGaN thickness to 1.2410* cm™?2 for 50 nm AlGaN
thickness. Again, as was observed in the previous two series,
the Hall mobility decreased as the sheet carrier density in-

In the first series of heterostructures, singlg AGa, gd\ creased. TEM was performed on the sample with 50 nm
layers were deposited on semi-insulating GaN base layer&lGaN thickness to confirm that the AlGaN layer and the
and the AlGaN thickness was varied between 5 nm and 4GaN cap layer were fully strained to the underlying GaN
nm. Figure 1 shows the resulting sheet carrier density antlase layer. The resulting cross-sectional TEM image, Fig. 4,
Hall mobility, as a function of the AIGaN thickness. Between shows negligible relaxation and no additional extended de-
5 nm and 10 nm, the sheet carrier density increased rapidiiects generated in the AlGaN layer or in the GaN cap layer.
from 2.6x 10*? cm™ 2 to 1.03x 10'2 cm™ 2. However, beyond SIMS investigations were performed, monitoring the
10 nm, the sheet carrier density increased slower, reachirgtandard impurities, on a sample with 50 nm buried
1.45x 10" cm 2 for a thickness of 40 nm. The Hall mobility Al 3/Ga, ¢\ and GaN layers, grown under conditions iden-
showed the opposite trend to the sheet carrier density, fdical to the low growth-rate layers in the measured hetero-
AlGaN thicknesses above 5 nm, with values decreasing fromstructures. Impurity concentrations of 20" cm 2 car-
1700 cn?/V's at 7.5 nm, down to 1250 ¢tV s at 40 nm. bon, 1.% 10" cm 3 oxygen, and & 10' cm 2 silicon,

The second series consisted of GaN/AlGaN/GaN heterowere detected in the AlGaN layer, while the GaN layer
structures, with a GaN cap layer thickness varying between 8howed impurity concentrations 0f&L0*% cm™2 carbon, 8

Ill. RESULTS
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FIG. 3. The influence of AlGaN layer thickness on sheet carrier density and

Hall mobility, for a GaN/AlGaN/GaN heterostructure with a fixed GaN cap

layer thickness of 228 nm. The black solid line is a fit to simulations, and theFIG. 5. Band diagrams of three heterostructur@:single AIGaN/GaN

gray line Connecting the Hall mob”ny points is a guide for the eyes. heterostructure(b) GaN/AlGaN/GaN heterostructure withtain GaN cap,
and (c) GaN/AlGaN/GaN heterostructure withthick GaN cap.

%10 cm™ 2 silicon, and an oxygen concentration below the
detection limit. 5(a)], a GaN/AlGaN/GaN heterostructure with a thin GaN
cap[Fig. 5b)], and a GaN/AlGaN/GaN heterostructure with
a thick GaN cap[Fig. 5(c)]. The polarization charge was
modeled as a fixed positive sheet charge,, at the lower

The increase and saturation of charge with AlGaN thick-AlGaN/GaN interface, and as a fixed negative sheet charge
ness in AlGaN/GaN single heterostructures has previously- o, of equal magnitude at the upper GaN/AlGaN interface
been reported for samples grown by both MOCVD andfor the samples with a GaN cap layer. The value&gfand
molecular-beam epitaxy (MBE), for various Al  o,, were both used as fitting parameters.
compositiong:*8-?'Furthermore, the decrease and saturation ~ The simulated 2DEG sheet charge density of the AIGaN/
of charge with the thickness of a GaN cap layer has beeGaN single heterostructure, included in Fig. 1 as a solid line,
observed in GaN/AIN/GaN structurés. showed close agreement to the measured data ®&h

To understand the observed trends, the band diagrams ef1.7 eV ando,,=1.69< 10" cm™2. When introducing a
the heterostructures were simulated, and the resulting shesiallow acceptor concentratidw, in the AlGaN layer as a
carrier densities were fitted to the experimental data. In modthird fitting parameter, a slightly better fit could be achieved,
eling the band diagrams, the Fermi level was assumed to bgith the valuesEp=1.7 eV, op,=1.78<10"* cm 2, and
pinned by donorlike states at the surface, at an en&rgy N,=7x10' cm 3 (included in Fig. 1 as a dashed lin&he
below the conduction-band minimum. This assumptionnature of a possible shallow acceptor is unclear; SIMS inves-
was based on experimental observations of surfacéigations showed that the standard impurities C, O, and Si,
pinning2°2:23-26and on previous modeling of AIGaN/GaN were low, but other impurities, or native defects, could pos-
single heterostructurédg®°E; was assumed independent of sibly account for the acceptor concentration.
the GaN and/or AlGaN layer thicknesses, but different values  Adding a GaN cap layer to the AlGaN/GaN structure
were allowed for GaN and pkGa ¢d\ surfaces. Figure 5 introduced a negative polarization charge at the upper het-
illustrates band diagrams representative of the three experérointerface, causing increased electric fields in the AlGaN,
mental series: A single AlGaN/GaN heterostructyfédg.  and a decrease in 2DEG denditjustrated in Fig. Bb)]. As
the GaN cap layer thickness increased, the valence-band
shifted upward, eventually reaching the Fermi level. At this
point, a 2DHG formed at the upper GaN/AlGaN interface,
pinning the valence band, hindering any further increase of
the electric field in the AlGaN layefFig. 5(c)]. The pre-
dicted decrease and saturation in 2DEG sheet charge density
was observed in the measured Hall data in Fig. 2. The best fit
of the simulated data to the experimental data was achieved
with the values Ep=0.9-1.0eV and o0,,=1.58
X 10" cm™2. The predicted 2DHG sheet charge density is
also included in Fig. 2 as a dotted line. In samples with a

. . 2DHG formed next to the 2DEG, it may at first seem that

Eiractire, with 50 n AIGaN layer thickness The image shss negligibiboth the 2DEG and the 2DHG would be probed by Hall
strain relaxation in the AlGaN layer. effect measurements. However, due to a much superior mo-

IV. DISCUSSION
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bility and conductance of the 2DEG compared to the 2DHG, 5™ 1
nearly all of the probing current flows through the 2DEG, §
with the effect that the measured sheet carrier density an,

mobility are completely dominated by the 2DEG. 1301 g .

In the series of samples with thick GaN-capped GaN/% . . . .
AlGaN/GaN structures, the surface effects were removec g 051 Ep £10% 11 Opz £10%
from the two-dimensional carrier gasses. The GaN on bothg | |

sides of the AIGaN had nearly flat bandee Fig. &)], and B o0
the 2DHG and 2DEG sheet charge densities were nearh®™
equal in magnitude. In the simulations, the choic&gfhad

a negligible effect on the 2DEG sheet charge density. Theic. 6. The sensitivity of the simulated sheet carrier density of a single
pinning of the valence band at the 2DHG screened the 2DE®lo:/526g\/GaN heterostructure to variations B and oy, . The experi-
from changes in the electric field in the GaN cap layer. More-Mental values are included as squares.

over, the high thickness of the cap layer ensured that changes

in Ep caused only low electric-field changes in the cap layer. . . . . .
For Dexample a >1/ V change iBp resulte% in a 45 k\/F;cmy pinning positionEp _(Ieft-han(_j S'.dé and to a+10% varia-
change in the electric field, which is less than 5% of the fieldg :Zine) (;fr(;tzﬁ d"::]eerfgggl_ fi??/lgltze?stlo'l?h:hsirggtpé ;:Ir?ehrt-gs:gty .
g;efﬁ:t;jggﬁl At\lh(i;cil:;?s/e&a-{sh?nigzéaetéonti:lztl)ei?r(i)cwfeigléh?rqeIatively insensitive to variations B , but it is sensitive to
the AIGaN was reduced, accompanied k’Jy an increase in thp’ which means tha_t the e>.<perimentally inferred vglue of
2DEG and 2DHG sheet charge densities. The optimum fit t?rgn?isss&q%lg r;(;?jtza;gt)i g";‘("fotgir‘r’ﬁ';‘ e:\r?rzr{orraenggz:%-
the experimental data, included as a solid line in Fig. 3, was_ 1o ' ' '

obtained with a polarization af,,= 1.60x 10"* cm™ 2.

0 10 20 30 400 10 20 30 40
AlGaN thickness (nm) AlGaN thickness (nm)

Th iracted I ¢ he interfacial larizati In the modeling of the heterostructures, the surface
€ extracted values 0 € Interfacial polanzalion gq i jevel position was assumed independent of the layer

i 3 a2
S(hfé%e dﬁ’gs.'ty‘;m rhanged f_rom 1.58 1.01 cm h tl? 1.69 thicknesses, and the assumption was validated by a relatively
cm ©in the three series, assuming no shallow accepy . it 1o the experimental data. In literature, both a fixed

tors mfthe AIG.aI§:. These .values are hlgher/tgag an ear“egurface pinning position, measured by x-ray photoelectron
report from a similar experiment on ¢d/Ga egN/GaN struc- spectroscop$! and a varying surface Fermi level, measured

— 3 —2 4 H
tures, orp,= 1.46x 10> cm *,* and higher than those deter- p, scanning Kelvin probe microscopyhave been reported.
mined byab inito calculations by Fiorentinet al.=" account-

ing for alloy polarization nonlinearity, o,,=1.44
X 10* cm~2. However, close agreement is found to inter- V. CONCLUSIONS

face polarization extracted from a recent study using |n conclusion, AlGaN/GaN and GaN/AlGaN/GaN
capacitance—voltage profiling, where an extrapolated empiripseudomorphically strained heterostructures were grown,
cal fit gave a value ofcp,=1.64x10"cm™? for an  and the 2DEG sheet charge density, as measured by Hall
Al 3Gay 6gN/GaN interface’ effect measurements, was studied as a function of the layer
The experimentally inferred values of the Fermi-level thicknesses. The sheet carrier density was found to increase
surface pinning positiok, were 1.7 eV and 0.9-1.0 eV, for and saturate with the AIGaN layer thickness, while the pres-
Alg3GaedN and a GaN surfaces, respectively. The AlGaNence of a GaN cap layer caused a decrease in the charge until
value is within the range of reported values; 1.65 eV hasaturation. A relatively close fit was achieved between the
previously been extracted from a similar experiment onmeasured data and 2DEG sheet charge densities obtained
Al 3Gay 6gN/GaN structure$,and x-ray photoelectron spec- from simulations of the band diagrams. The simulations also
troscopy studies have yielded values Bh~1.6 eV for indicated the presence of a 2DHG at the upper interface of
Alg,Gay 7 N/GaN sample$! and Ep=1.3eV for an GaN/AlGaN/GaN structures with sufficiently thick GaN cap
Alg41Gay s surface?® For GaN surfaces, there is a wider |ayers. A surface Fermi-level pinning position of 1.7 eV for
range of reported values; studies by x-ray photoelectromiGaN and 0.9-1.0 eV for GaN, and an interface polariza-
spectroscopy have yielded valuesBf~1.4eV (Ref. 23  tion charge between 1.5810¥cm 2 and 1.69
andEp=1.0 eV (Ref. 23 for GaN grown by MOCVD, and  x 10" cm™ 2, were extracted from the simulations.
Ep~0.3eV for GaN grown by MBE® Furthermore,Ep
=0.7 eV has b(_aen measured by scanning Kelvin prope Mia K NOWLEDGMENTS
croscopy of unintentionally doped G&RThe large varia-
tion is probably related to various chemical contaminations  The authors gratefully acknowledge the support of the
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