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Degenerat e layer at GaN/sapphir e interface : Influenc e on Hall-effect
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Universily Researh Center Wright Stae University Dayton Ohio 45435
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Lincoln Laboratory, Massachusettinstitute of TechnologyLexington Massachuse$t02173
(Receivel 13 March 1997 acceptd for publication 16 April 1997

Temperature-dependieHall-effed measuremestin hydride vapa pha® epitaxid GaN grown on
sapphie can be well fitted over the temperatue range 10400 K by assumig a thin, degenerate
n-type region at the GaN/sapphe interface This degenerat interfacid region dominate the
electrica properties belov 30 K, but also significantly affects those properties even at 400 K, and
can cau® a secong deepe dona to falsely appea in the analysis However by using a two-layer
Hall model the bulk mobility ard carrie concentratio can be accurate} ascertained © 1997
American Institute of Physics [S0003-695(97)00125-3

Progresin Ga\ material$ and device developmerithas
acceleraté in the pag few years following the demonstration
of high-conductivity p-type epitaxid layers® Blue light-
emitting diodes are alreay a commercia product? ard blue
lase diodes’ uv detector, ard high-power high-
temperatue field-effed transistor$ have been demonstrated
ard are improving rapidly. Most of the Ga\ (alo InGaN and
AlGaN) materid used so far for device developmehconsists
of epitaxid growth on sapphire ard the epitaxid techniques
include metalorgarg chemica vapa depositim (MOCVD),
molecula bean epitaxy (MBE) and hydride vapa phag ep-
itaxy (HVPE). Becaus of the large lattice mismatd (14%)
betwea Ga\ ard sapphire a thin, highly dislocatel region
is generatd at the layer/substrat interfae to relieve the
strain ard the structurd properties of this interfae region
hawe bee studiad in grea detail However little is known
abou the electricd and opticd properties of the interface.
Recently Gotz et al.® haw progressivel thinned a 13-um-
thick HVPE layer down to 1.2 um, and shown that the con-
ductane does naot scak down linearly, but that a significant
componehmud exig a or nea the interface In the present
work, we shov by temperature-dependehiall-effed mea-
suremerg ard theoly tha this interfae conductane can be
guantified nondestructivelyand that it significantly affects
the usuad fits of carrir concentratia versis temperature.
Tha is, without correction the fitted shallov dona concen-
tration is too large and its energ is too low; furthermore a
second deepe dona often falsely appears The mobility
versts temperatug curve is also affectad in tha the whole
curwe is shifted downwad from the true, bulk curve Fortu-
nately, both carria concentratia and mobility dat can be
correctel by a two-laye Hall analysis’

The GaN sample 289B, was grown by hydride vapor
pha® epitaxyy on sapphie to athicknes of 20 um. Sputtered
ZnO was useal as a buffer layer betwee the sapphie and
GaN, but the ZnO was no longe presemn after completion of
the growth° In the study describe in Ref. 8, Gad was used
instea of ZnO in the pretreatmen process however our
resuls describé below are nearl identicd for the two types
of pretreatmentdlt is known tha the GaCl-pretreate inter-
face contairs athin (2000-3000 A), high-densiy region of
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stackirg faults the sane may also be true for the ZnO-
pretreatd interface.

By performirg Hall measuremenstas the layer thickness
in their sampe was reducel from 13 to 1.2 um, Gaz et al 8
estimate tha the sheé concentratia of donoss in the inter-
facid region exceedd 10*° cm™2. Capacitance-voltagmea-
surementson the othe hand showel tha Ny — N, wasrela-
tively constan at abou 5x 10 cm™3, which would give a
she¢ concentratia of only abou 7x10'cm 2 for the
whole, 13 um layer. Thus, Gtz et al. concludel tha the
Hall measuremestwere strongly affected by the interfacial
region but they did not determire how to obtain the correct
bulk electricd dat in the presene of this effect Here we
quantitativey elucidae both the bulk and interfacid electri-
cd properties by applying a two-laye Hall-effed modd to
the temperature-dependenconductiviy (o) and Hall-
coefficiert (R) data It is critical in this analyss to get ex-
perimenta dat belov 30 K, becaus the interfacid layer
begirs to dominat at this temperature.

The- relevant relationships for- a- multiband- (or
multilayen analyss are’

UD:Z o= eMinDi:Ei LN N{Oi 1
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where u; is the conductiviy mobility of layer i, wy;

(=Rpjo;) isthe Hall mobility, n; is the true sheé carrier
concentratiopnand nyo;(=ng; /r;) isthe shee Hall concen-
tration, where r; is the Hall factor. Note tha the symbol
“[0” denots ashe¢ concentratia (cm™?), rathe than a
volume concentratia (cm™3). (It shoutl be remembere that
a simple Hall measuremengives no thicknes information,
ard thus can determire only sheé¢ concentration.Our cag is
a two-laye problem with i =1 representig the bulk layer,
ard i = 2, the interfacid layer. For plotting purposeswe nor-
malize both layers to the bulk thicknessd=20 um; i.e., we
divide Egs (1) ard (2) by d. Then in terms of the normally
measurd quantities,uy and ny, we get
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FIG. 1. Uncorrecté Hall concentratia dat@ (squares and fit (solid line),
ard correctel data (triangles and fit (dashe line) vs inverse temperature.
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The Hall concentratio and Hall mobility dat are pre-
sentel in Figs 1 ard 2, respectively Beginnirg at high T
(low 1/T) and proceedig towad low T, we ses aclassic
dona freez out in Fig. 1, which suggest tha the bulk con-
centrationnyq, isnegligible a the lowed values of T. Thus,
a very low T, the interfacid layer mug be dominan so that
Mu=pye ad ny=nyo,/d. Both the mobility ard carrier
concentratia dat are flat belon 30 K, denotirg adegenerate
layer. From Fig. 2, un,=55¢cm?/V's, ard from Fig. 1,
Nuo2/d=3.9x10Y cm™3, or nyo,=8x10" cm 2 Note
tha this value is quite comparal# to the estimae of Gotz
et al.® mentionel earlier, even thouch their GalN layer was
grown with adifferert (GaC) pretreatmentTo further vali-
dat tha ny, represerd the interfacid layer, we took data
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FIG. 2. Uncorrecte Hall mobility daia (squares ard fit (solid line), and
correctel data (triangleg and fit (dashe line) vs temperature.
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on adifferent sample 262D, which was 60 um thick but also
grown on sapphie with a ZnO pretreatmentFor this latter
layer, nyop,=7X10" cm 2, which is in excellenn agree-
ment Thus low-T Hall measuremestprovide a usefd way
to characterie the GaN/sapphe interface If the soure of
interfacid electrors is the 2000 A highly defecte region,
then the volume densiy of electrors in this region is ny,
=nuo,/2000 A=4x 10" cm™3. Clearly, this electra con-
centration would be expecte to be degenera and tempera-
ture~ independent (as+ observed—~ sincex the-= Mott
concentratioht in GaN is abou 1x 108 cm™3, ard the con-
centratiom at which the Ferni levd entes the conduction
band!? abou 6x10'cm 3. Thus our modéd is self-
consistent Note tha becaus the layer is degenerate,
n,=ny,; i.e, r,, the Hall r facta will be close to unity.

The temperatue independene of u, and n, allows an
eay separatia of the bulk properties ny; and wyq, from
the two-laye propertiesny and uy :

2 2
MaNp— pono2 /d
MHNK— saNp2/d

MH1= ®)

(unn— aNpp/d)?
2 2 -
BNy = uaNo2/d

NH1= (6)
We plot the extractel ny, and w4 in Figs 1 ard 2, respec-
tively. Severd interestig features are immediatey noticed:
(1) the carrig concentratia ard mobility data are affected
over the full temperatug range nat just at low temperature;
(2) the ny, vs T dat look like they represena standard,
single-dono case wherea if we had considerd the uncor-
rected (ny) dad only, in the usud temperatue range T
=80-400K (or 10°/T=125-2.5), we would hawe had to
use atwo-dona modé to fit the datg and (3) the true 300 K
Hall mobility (wy1), which is often used as afigure of merit,
is significantly highe (784 vs 633 cn?/V s) then tha given
by the uncorrectd data (uy).

To fit the carrier-concentratio datg we use a single-
dona model®

NP 7
n+ A= Tinig” (7)

where¢=g,/9:N:T32 exp(—Ep /KT). Here Np is the donor
concentrationN, the accepto concentrationg, the degen-
eray of the unoccupid dona stae (assure gg=1), g, the
degenerag of the occupial stae (assure g;=2), N;, the
effective densiy of states at T=1K (N;=4.98x 10" cm3
for m* =0.22m,), and Ep the dona activatian energy The
parametes fitted from Eq. (7) include only Np ard Ep,

sinee N, is determiné from the mobility fit.

The mobility is fitted by solving the Boltzmam equation
in the relaxation-time approximationt* Tha is, uy
=e(7%)/m*(7), where the brackets denote an average over
electra energy E, and

1 _ 1 N 1 N 1 N 1
7(E)  7adE)  ToE)  7odE)  7(E)

®
The terns in Eq. (8) represeh the usua acoustt mode,
polar-optich mode piezoelectric and ionized-impuriy (or

defec) scattering respectively In actuality an analytical
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form for 7,(E) cannd be written, becaus the scatterirg is
inelastic however following a treatmen similar to tha dis-
cussé in Ref. 14, we can write an analyticd expressia for
7oo(E) tha approximate} reproduce the polar-opticad mo-
bility found by an iterative solution of the Boltzmam equa-
tion. We hawe shown that the fitted N, varies littl e by invok-
ing the relaxation-tine approximation but tha the
computationhtime is mud less The red of the scattering
constants are~ taker from- the- literature!® acoustic-
deformation potentia)] E;=9.2 eV; piezoelectit constant,
€14=05 C/m?;~ low-frequency: dielectric: constant, e
=10.4¢q; high-frequeng dielectrc constant,e;=5.47¢g;
Debye temperature Tp=104K; ard effective mass m*
=0.22n,. Also, the polar-opticd scatterilg was increased
by afacta of 1.8 in orde to fit the high-temperatwe part of
the mobility curve However this facta hes littl e effed on
the low-temperatug region whete ionized-impuriy scatter-
ing dominates so tha a reliable value of N, can still be
calculated.

The fits are shown as solid lines (for ny and ) and
dashd lines (for ny; anduy,) in Figs 1 and 2. Clearly, the
fits are satisfactoy ard verify the model The fitting param-
etes are Np=2.1xX10cm 3, Np,=5x10%cm™3, and
Ep=16 meV. If the dona is Si, which presumaly has a
dona enery of Epg=29 meV,'® at Ny =0, then we would
expet Ep=Epg— aNlD/3= 165 meV, sincea (the screening
facton has been given as 2.1x10° meV cm.!” Although
our fitted Ep isin exceller agreementit shoud nat be taken
as a verification of Epg or «; much more work on many
othe samples will be necessarto establi thes two param-
etess accurately In fact, a value of Epg=35meV for re-
sidud donoss (perhags Si) has also been suggested’

A final confirmation of our analyss comes from 300 K
capacitance-voltagmeasurementsvhich give aconcentra-
tion of 1.2x 10" cm 2 in the near-surfae (0.1-0.3 um) re-
gion. This value is close to the correctel Hall concentration
of 1.3x 10 cm™3, but far from the uncorrectd concentra-
tion of 1.9x 10" cm™3.

In summary we hawe shown tha HVPE GaN layers
grown directly on sapphie contah athin, highly degenerate
n-type region which is close to the GaN/sapphi interface
and is likely associaté with a 2000 A region of high-density
stackirg faults reportel earlier. For the presemh sample ng
=8X 10" cm 2 and u=55 cnt/V s in this region This de-
generat layer significanty affects the mobility ard carrier
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concentratia datg even at high temperaturesHowever a
simple two-laye Hall-effed modé fits both the mobility and
carrier-concentratio data very well, and allows the bulk
electricd parametes to be extracted In particular the true
300 K mobility, often used as afigure of merit, is signifi-
cantl highe than that given by the uncorrectd data.
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Morkog for helpfu discussionsard R. Heil for manuscript
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ics Directorat of Wright Laboratory Wright-Patterso Air
Foree Base unde Contra¢ No. F33615-95-C-1619The
work of RIM was supportel by DARPA ard the Department
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essariy endorsd by the U.S. Air Force.

1For amaterias review, see S. Strite and H. Morkog, J. Vac. Sci. Technol.
B 10, 1237 (1992.

2For a deviee review, see S. N. Mohammad A. A. Salvador and H.
Morkog, Proc IEEE 83, 1306 (1995.

3H. Amanqg M. Kito, K. Hiamatsy ard |. Akasaki Jpn J. Appl. Phys 28,
L2112 (1989.

4S. Nakamura M. Senoh N. lwasg and S. NagahamaAppl. Phys Lett.
67, 1869 (1995.

5S. Nakamura M. Senoh S. NagahamaN. lwasa T. Yamada T. Mat-
sushita H. Kiyoka, and Y. Sugimotq Jpn J. Appl. Phys 35, L74 (1996.

5M. Razeghard A. Rogalskj J. Appl. Phys 79, 7433 (1996.

M. A. Khan Q. Chen M. S. Shur, B. T. Dermott J. A. Higgens J. Burm,
W. J. Schaff and L. F. Eastman IEEE Electran Device Lett. 17, 584
(1996.

8W. Gotz, J. Walker, L. T. Romang N. M. Johnsopnard R. J. Molnar,
Mater. Res Soc Symp Proc 449 525 (1997).

%D. C. Look, Electricd Characterizatim of GaAs Materials and Devices
(Wiley, New York, 1989, App. B.

0R. J. Molnar, K. B. Nichols P. Makai, E. R. Brown, ard |. Melngailis,
Mater. Res Soc Symp Proc 378 479 (1995.

1IN. F. Mott and W. D. Twose Adv. Phys 10, 107 (1961).

127, Matsubaa and Y. Toyozawa Prog Theor Phys 26, 739 (1961).

13D. C. Look, Electricd Characterizatim of GaAs Materials and Devices
(Wiley, New York, 1989, p. 116.

14D. C. Look, Electricd Characterizatim of GaAs Materials and Devices
(Wiley, New York, 1989, p. 93.

15The various reference are summarizd inD. C. Look, J. R. Sizelove S.
Keller, Y. F. Wu, U. K. Mishra and S. P. DenBaarsSolid Stae Commun.
102, 297 (1999.

16y, J. Wang R. Kaplan H. K. Ng, K. Doverspike D. K. Gaskil, T. Ikedo,
H. Amang and I. Akasakj J. Appl. Phys 79, 8007 (1996.

17B. K. Meyer, D. Volm, A. Grabey H. C. Alt, T. DetchprohmA. Amano,
ard |. Akasakj Solid Stae Commun 95, 597 (1995.

D. C. Look and R. J. Molnar 3379



	Degenerate Layer at GaN/Sapphire Interface: Influence on Hall-Effect Measurements
	Repository Citation

	7Y1;23JUN97

