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Transport properties of modulation-, shifted-modulation-, and uniformly doped Al0.20Ga0.80N/GaN
superlattices are reported. 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-mod-
ulation-doped structures versus the uniformly doped structure. The modulation-doped sample has
a mobility of 9.2 and 36 cm2/Vs at 300 and 90 K, respectively, and a very low resistivity of 0.20 and
0.068 Wcm at 300 and 90 K, respectively. Capacitance–voltage profiling shows multiple two-dimen-
sional hole gases. The results are consistent with a reduction of neutral impurity scattering for
modulation-doped structures as compared to uniformly doped structures.

Introduction Mg acceptors in GaN and AlxGa1––xN have an activation energy of
150–250 meV [1–3], much larger than kT at 300 K, resulting in low activation and
therefore low conductivity in p-type GaN, degrading the performance of LEDs, lasers,
and heterojunction bipolar transistors. The strong temperature dependence of the trans-
port properties is problematic for device operation at high as well as low temperatures
where carrier freeze-out occurs. The p-type AlxGa1––xN/GaN doped superlattices have
been demonstrated to have higher acceptor activation [4–7] resulting in low resistivity.
This can be further improved by minimizing ionized and neutral impurity scattering
mechanisms through modulation doping.
In this work, the effect of modulation doping in Al0.20Ga0.80N/GaN superlattices is

investigated using Hall-effect and C–V profiling techniques. We show the modulation-
doped (MD) and shifted-modulation-doped (SMD) samples to have superior electrical
properties compared to uniformly doped (UD) samples, especially at low temperatures.
Furthermore, C–V profiles are presented that show the multiple two-dimensional hole
gases (2DHGs) of the superlattice structure.

Sample Descriptions and Experimental Techniques The Mg-doped gallium-faced
superlattices (SLs) were grown by molecular-beam epitaxy (MBE) on c-plane sap-
phire substrates. All doped regions have a Mg concentration of NMg � 1019 cm––3

and all samples have an equal barrier and well width of 100 �A. The MD, SMD, and
UD samples have 20, 20, and 15 periods, respectively. Only the barrier layers of the
MD sample are doped whereas the well layers are undoped. The SMD sample is
identical to the MD sample except that the SMD dopants are shifted one-quarter
period away from the epilayer surface. The UD sample has both the Al0.20Ga0.80N
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barrier and GaN well layers doped. The doping profiles of all samples are shown in
Fig. 1.
The variable temperature Hall-effect measurements are performed from 90 to 390 K

in 10 K increments using the van der Pauw geometry. Pd/Au p-type ohmic contacts are
deposited using electron beam evaporation. A CRYO Industries cryostat is used and
the magnetic field is 0.5 T. The C–V profile uses a mercury probe in conjunction with
an HP 4194A Impedance/Gain-Phase Analyzer using a voltage sweep from 0 to 6 V. A
low measurement frequency of 5 kHz is required to reduce the effects of parasitic ser-
ies resistance.

Theory SL structures use materials with different bandgaps and, in the case of the III-
nitrides, large internal polarization fields [8–10]. A bound surface charge results when
P � n̂n 6¼ 0, where P is the polarization at the surface and n̂n is the surface normal. A
bound interface charge results when r � P 6¼ 0, where P is the internal polarization.
These charges occur at each interface within the superlattice. The result of the bound
polarization charges and modulated band gap is a tilting of the valence band within the
barriers and wells, as displayed in Fig. 1. Free holes are created when the acceptor level
is near or below the Fermi level. Holes accumulate along those SL interfaces where the
valence band is near the Fermi level, giving origin to a 2DHG.
The band diagrams in Fig. 1 are calculated self-consistently using a 1D Schrödinger-

Poisson solver [11]. An AlxGa1–xN hole mass [9] of (1.76 + 1.77 x)me, z, valence band
discontinuity of 0.3Eg, and energy gap Eg(x) = (3.425 + 2.71 x) eV is used, x being the
aluminum concentration. The hole probability density is shown in Fig. 1 for each type
of SL. At 90 K, only the ground states are occupied. The Mg ionization energy in
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Fig. 1. Self-consistent valence band dia-
grams of a modulation-doped superlat-
tice, a shifted-modulation-doped super-
lattice and a uniformly doped
superlattice. The three ground state
hole energies are E0 –– EF = ––5.9, ––1.7,
and ––1.7 meV, respectively. Y 2 is the
self-consistently solved ground-state
wavefunction. It is the only occupied
subband at 90 K. The epilayer surface
is on the left side of the figure



AlGaN is not known precisely. However, recent results have shown that the ionization
energy of Mg acceptors in AlxGa1––xN increases from �170 to 360 meV for x = 0 to
0.27, respectively [12, 13]. We therefore use a simple Vegard-like relationship and put
the acceptor level, EA, at (170 + 704 x) meV above the valence band.

Experimental Results Values of the hole mobility at selected temperatures are given
in Table 1. Variable temperature data, not shown here, reveal the mobility of the MD
and SMD SLs increases monotonically with decreasing temperature, indicative of the
reduced influence, compared to the UD SL, of ionized impurity scattering and the pre-
sence of a 2DHG. All samples show a reduction of mobility at higher temperatures due
to a combination of phonon and piezoelectric scattering [14]. Because the GaN family
is strongly polar and AlGaN/GaN superlattices contain strong polarization fields [15],
polar optical phonon scattering is expected to be the dominant scattering mechanism at
temperatures above �150 K.
The reduction of neutral impurity scattering in the MD and SMD SL is expected since

their 2DHG channels contain no intentional Mg dopants. The neutral dopants in the UD
SL channels cause a sharp decrease in mobility at low temperatures / T3=2. Note that the
MD SL exhibits a clearly higher mobility and lower resistivity than the SMD SL. These
differences are not yet well understood and are subject to further investigations.
The resistivity of the SL samples vs. temperature is shown in Fig. 2. There is an

improvement for the MD and SMD SL compared to the UD SL. At 300 K, the resist-
ivity is 0.21 Wcm for the MD SL. The lowest resistivity of the MD SL occurs at 90 K
and is 0.068 Wcm, the lowest reported resistivity for p-type GaN and AlxGa1––xN mate-

rial. Table 1 contains selected resistivity
values. Particularly noteworthy is the
resistivity of the MD and SMD SL,
which is lower than the UD SL at all
temperatures and decreases monotoni-
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Tab l e 1
Hall-effect data of doped Al0.20Ga0.80N/GaN superlattices

MD SMD UD

300 K mobility (cm2/Vs) 8.9 5.6 3.0
90 K mobility (cm2/Vs) 36 18 2.0
300 K resistivity (Wcm) 0.21 0.66 0.81
90 K resistivity (Wcm) 0.068 0.21 0.84
300 K carrier concentration (1018 cm––3) 3.4 1.7 2.6
90 K carrier concentration (1018 cm––3) 2.5 1.6 3.7
activation energy (meV), T = 250 – 390 K 16 13 30

Fig. 2. Variable temperature resistivity
data of a modulation-doped, a shifted-
modulation-doped, and a uniformly doped
Al0.20Ga0.80N/GaN superlattice



cally with decreasing temperature, not
exhibiting any freeze-out effect. This is
due to the modulated valence band
causing dopants to be ionized nearly in-
dependently of temperature. The im-
proved resistivities demonstrated here
should prove to be useful for the opera-

tion of GaN-based devices operating over a wide temperature range.
Capacitance–voltage measurements are presented in Fig. 3. The C–V profile clearly

shows the presence of a 2DHG with a peak at 390 �A and a FWHM of 41 �A. This
corresponds to a 2D hole concentration of �4.9 � 1013 cm––2, in reasonable agreement
with the 300 K Hall value of 6.7 � 1013 cm––2.
The second peak at 690 �A shows the periodicity of the superlattice. The absolute

position of the peaks is not as expected due to an uncertainty in material constants and
a degradation of measurement phase angle. At positions greater than �800 �A, C–V
data cannot be obtained due to breakdown of the Hg probe Schottky contact.

Conclusion We demonstrate improved mobilities and resistivities in modulation- and
shifted-modulation-doped Al0.20Ga0.80N/GaN superlattices versus a uniformly doped
superlattice. The lowest 300 and 90 K resistivities we obtain, 0.21 and 0.068 Wcm, re-
spectively, are for the modulation-doped superlattice. The lowest 300 and 90 K mobili-
ties we obtain are also for the modulation-doped superlattice: 8.9 and 36 cm2/Vs, re-
spectively. Self-consistent calculations for all SLs show the formation of 2DHGs at the
SL interfaces nearest the Fermi level. The improved mobilities of the modulation-doped
and shifted-modulation-doped superlattice compared to the uniformly doped superlat-
tice are consistent with a reduction of neutral impurity scattering in the wells of the
modulation-doped and shifted-modulation-doped samples. In addition, clear evidence of
multiple 2DHGs is shown using C–V profiling. The two-dimensional hole concentration
of 4.9 � 1013 cm––2 calculated from C–V data is in reasonable agreement with the 300 K
Hall-effect value of the hole concentration.
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Fig. 3. C–V concentration profile, NCV, ver-
sus depth of shifted-modulation doped
Al0.20Ga0.80N/GaN superlattice
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