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Improved mobilities and resistivities in modulation-doped p-type
AlGaN/GaN superlattices
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The transport properties of modulation, shifted modulation, and uniformly doped@d, sJ\/GaN
superlattices are presented. The modulation-doped sample is doped only in the AlGaN barriers. The
shifted-modulation-doped sample has its dopants shifted by one-quarter period. Measurements
reveal a strong improvement in mobility and resistivity for the modulation-doped and
shifted-modulation-doped structures versus the uniformly doped structure. The modulation-doped
sample has a mobility of 9.2 and 36 &ivi s at 300 and 90 K respectively and a very low resistivity

of 0.20 and 0.06&2cm at 300 and 90 K, respectively. Capacitance—voltage profiling shows
multiple two-dimensional hole gases. The results are consistent with a reduction of neutral impurity
scattering for modulation-doped structures as compared to uniformly doped structur@01©
American Institute of Physics[DOI: 10.1063/1.1410340

Mg acceptors in GaN and #Ba, _,N have an activation order to maximize the separation of the dopants from the
energy of 150—250 me¥® much larger tharkT at 300 K, 2DHG. The UD sample has both the yAlGay s\ barrier
resulting in low activation and therefore low conductivity in and GaN well layers doped. The doping profiles of all
p-type GaN, degrading the performance of light-emitting di-samples are shown in Fig. 1.
odes, lasers, and heterojunction bipolar transistors. The The variable temperature Hall-effect measurements are
strong temperature dependence of the transport properties performed from 90 to 390 K in 10 K increments using the
problematic for device operation at high as well as low tem-van der Pauw geometry. Pd/Aprtype ohmic contacts are
peratures where carrier freeze out occurB-type deposited using electron beam evaporation. A CRYO Indus-
Al,Ga,_,N/GaN doped superlattices have been demontries cryostat is used and the magnetic field is 0.5 T. The
strated to have higher acceptor activatioresulting in low ~ C—V profile uses a mercury probe in conjunction with a HP
resistivity. This can be further improved by minimizing ion-
ized and neutral impurity scattering mechanisms through

modulation d opi n & Alo_zoGaO.so.N/GaN Superlattices, 11“9= 9_(; K
. . . . shaded regions are Mg doped at 10" "cm
In this work, the effect of modulation doping in Riodton Doped]
Alg ,fGay gd\N/GaN superlattices is investigated using Hall- 200 P T ER
effect and capacitance—voltagé<V) profiling techniques. 0 ET g 0
Mobility, resistivity, and carrier concentration are measured -200 F—= B es
. . P\j Vi \ ee
as a function of temperature. We show the modulation-doped ~ -400 = Q4
(MD) and shifted-modulation-dopg@MD) samples to have -600 s
superior electrical properties compared to uniformly doped =GN > AlGaN i &
(UD) samples, especially at low temperatures. Furthermore, _ - {[Shifted Modulation Doped| | - F %
C-V profiles are presented that show the multiple two- E ,,,,,,,,,,,,,,, SN =
H H H = 0 O I e - e e HC) 0 g
- A 5 g
dimensional hole gase@DHGS of the superlattice struc 5 0 9@@c . { 7§ Ex @;@9_2 2
ture. ' . o \ Ey T~ - =
The Mg-doped gallium-faced superlattic€SLs) were & -400 ? 4 g
. . Q
grown by molecular-bea}m epitaxy anplane sapphire §ub- -600 e | ST 16 2
strates. All doped regions have a Mg concentration of i formly Doped 5
N,\,,g~1019 cm 2 and all samples have an equal barrier and 200 o B R TR i
well width of 100_ A. This.\{vidth is chosen to minimize the 0 5o )i 7& oo Comemt
effects of growth irregularities and alloy scattering. The MD, 200 2 == E 9aq2
h v [~
SMD, and UD samples have 20, 20, and 15 periods, respec- 4 p\ 4
tively. Only the barrier layers of the MD sample are doped & 6
whereas the well layers are undoped. The SMD sample is 600 620 640 660 680 700 720 740 760 780 800
identical to the MD sample except that the SMD dopants are Position x (A)

shifted one-quarter pe”Od away from the epllayer surface MG, 1. Self-consistent valence band diagrams of a MD SL, a SMD SL, and

a UD SL. The three ground state hole energies e Er=—5.9 meV,

—1.7 meV, and—1.7 meV, respectivelyP is the self-consistently solved

dAlso at: Department of Physics, Boston University, Boston, Massachusettee hole concentration. The ground state is the only occupied subband at 90
02215; electronic mail: ewaldron@bu.edu K. The epilayer surface is on the left-hand side.
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TABLE |. Hall effect data of doped Al,dGa& gN/GaN SLs 5 ] [T superlmice#
Parameter MD SMD uD | w0A/in, Tg'dOP ed
300 K mobility (cnf/V s) 8.9 5.6 3.0 = — 32
90 K mobility (cn?/V s) 36 18 2.0 > <l
300 K resistivity ({2 cm) 0.21 0.66 0.81 L %oy S
90 K resistivity ({2 cm) 0.068 0.21 0.84 < 10 j—
300 K hole conc. K10 cm™3) 3.4 1.7 2.6 ; [ 32— oo
90 K hole conc. K10 cm™3) 2.5 1.6 3.7 2 —
Activation energy(meV) 16 13 30 g L] /- @z/
T=250 to 390 K ° A

= 7 i

4194A Impedance/Gain-Phase Analyzer using a voltage
sweep from 0 to 6 V. Alow measurement frequency of 5kHz

80 90 100 200 300 400

is required to reduce the effects of parasitic series resistance_ Temperature T (K)

SL structures use materials with different band gaps and,
in the case of the lll-nitrides, large internal polarization FIG. 2. Variable temperature hole mobility of a MD, a SMD, and a UD
felds® 5 A bound surface Charge resulls WhEN <0,  AozCRuNoaLSL Swag nes it ST Kepederes op
whereP is the polarization at the surface ands the surface ' '
normal. A bound interface charge results wh&nP+0,
where P is the internal polarization. These occur at eachPhonon scattering, and piezoelectric scattetifecause the
interface within the SL. The result of the bound polarizationGaN family is strongly polar and AlGaN/GaN superlattices
charges and modulated band gap is a tilting of the valencgontain strong polarization fields, polar optical phonon
band within the barriers and wells, as displayed in Fig. 1Scattering is expected to be the dominant scattering mecha-
Free holes are created when the acceptor level is near GSM at temperatures abovel50 K.
below the Fermi level. Holes accumulate along those SL in- 1 he reduction of neutral impurity scattering in the MD
terfaces where the valence band is near the Fermi level, gi"d SMD SL is expected since their 2DHG channels contain

ing origin to a 2DHG. no intentional Mg dopants. The neutral dopants in the UD SL

Poisson solvet! An Al,Ga_,N hole mas$ of (1.76 clearly higher mobility and lower resistivity than the SMD
+1.77%)m,,, valence band discontinuity of 08E,, and SL sample. _These dlfferer_1ces are _not yet fully understood
energy gapE,(x)=(3.425+2.71x) eV is usedx being the and are supje_ct_ to further investigatiofis. .

aluminum concentration. The calculated free hole concentra-  1he resistivity of the SL samples as a function of tem-
tion is shown in Fig. 1 for each type of SL. At 90 K, only the perature is shown in Fig. 3. There is an improvement for the
ground states are occupied. The Mg ionization energy ifD @nd SMD SLs compared to the UD SL. At 300 K, the
AlGaN is not known precisely. However, recent results havd€sistivity is 0.200) cm for the MD SL. The lowest resistivity
shown that the ionization energy of Mg acceptors inof the MD SL occurs at 90 K and is 0.088cm, which is a

Al,Ga _,N increases from-170 meV to 360 meV fox=0  Very low resistivity forp-type GaN and AlGa, ,N material.
to x=0.27, respectivel{>!® We therefore use a simple Table I contains selected resistivity values. Particularly note-

Vegard-like relationship and put the acceptor le@}, at  Worthy is the resistivity of the MD and SMD SLs, which is

(170+704x) meV above the valence band. The calculatedower than the UD SL at all temperatures and decreases
average free hole concentrations at 90 K are 2 gnonotonically with decreasing temperature, not exhibiting

x10"® cm™3, 3.3x10"® cm™3, and 3.% 10" cm2 for

the MD, SMD, and UD SL, respectively. This agrees favor- 1.0 ‘ :
ably with the measured values given in Table 1. 09 L
Figure 2 shows the hole mobilities of the three SL struc- .8 — L™
tures as a function of temperature. Inspection of Fig. 2 shows ~ f \[ é ﬁﬂﬂﬂ
a large improvement in mobility for the MD and SMD SLs g *7F ;\ {Uniformly doped | 4:*% W~
versus the UD SL, especially at low temperatures. Values of& 06 ¢ ”\ ’Dﬂﬂ’”ﬂ A
the hole mobility at selected temperatures are given in Table; 05k D_D_uﬂfﬂ’c’ M
I. The mobility of the MD and SMD SLs continues to in- £ o4k AAA/J \fsmﬁedmodumiondoped\
crease monotonically with decreasing temperature, indicativeg [ KAAA’T
of the reduced influence of ionized impurity scattering. This © %3} Joo@ﬁ’”@m%

mobility behavior along with a lack of carrier freeze out and 0.2 44 55700

the results of our simulation also suggest the presence of & ; 000000 _6-0-0°0] %@
2DHG. The peak at 150 K and subsequent decrease in mo- Oogf"j’f’l . TOJ: T
bility for lower temperatures in the UD SL is characteristic ’ 150 200 250 300 350 400
of impurity scattering. All samples show a reduction of mo- Temperature 7' (K)

bility at higher temperatures due to a combination of polargg, 3, variable temperature resistivity data of a MOy AfGa, sfN/GaN SL,

optical phonon scatteringFrohlich interaction, acoustic  a SMD Al ,dGa,sN/GaN SL, and a UD AJ,¢Ga sN/GaN SL.
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‘ ‘ T profile clearly shows the presence of a 2DHG with a peak at
Al"'fgfi‘i‘f‘{?(,/Ef‘fd;‘_‘ﬁzﬁifms} /WL 390 A and a full width at half maximum of 41 A This
’ corresponds to a two-dimensioni@D) hole concentration of
Modulation doped =1 ~4.9x10" cm 2, in reasonable agreement with the 300 K
i TN o9 Hall value of 6.7 10'® cm 2. The second peak at 690 A
|‘ shows the periodicity of the SL. The absolute position of the

I | peaks is not as expected due to an uncertainty in material
[ : ‘ constants and a degradation of measurement phase angle. At
[ Uniformly doped positions greater thar800 A, C—V data cannot be obtained

~
fuﬂ’f : due to breakdown of the Hg probe Schottky contact.
g ﬁj Shifted In conclusion, we demonstrate improved mobilities and
modulation doped

resistivities in MD and SMD A ,{G& gd\/GaN SLs versus

a UD SL. The lowest 300 and 90 K resistivities we obtain are

for the MD SL and are very low fop-type Al,Ga _,N ma-

A b b L e e terial. The values are 0.20 cm and 0.068() cm, respec-

100 150 200 250 300 350 400 tively. The lowest 300 and 90 K mobilities we obtain are also

Temperature T (K) for the MD SL, and are 9.2 cffV s and 36 criV's, respec-

FIG. 4. Variable temperature three-dimensional carrier concentration data dively. Self-consistent calculations for all SLs show the for-

a MD, a SMD, and a UD AJ,dGa gN/GaN SL. mation of 2DHGs at the SL interfaces nearest the Fermi
level. The improved mobilities of the MD and SMD SLs
compared to the UD SL are consistent with a reduction of

any freeze-out effect. This is due to the modulated valenceeutral impurity scattering in the wells of the MD and SMD

band causing dopants to be ionized nearly independently afamples. In addition, clear evidence of multiple 2DHGs is

temperature. The improved resistivities demonstrated hershown usingC—V profiling. The 2D hole concentration of

should prove to be useful for the operation of GaN-based.9x 10" cn? calculated fromC—V data is in reasonable

devices operating over a wide temperature range and undesgreement with the 300 K Hall effect value of the hole con-

score the importance of AlGaN/GaN superlattices. centration.

The free hole concentration versus temperature is pre- ) i
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