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The drift mobility of two-dimensional electron gasses in N-polar GaN/AlGaN/GaN heterostructures
was measured with capacitance and resistance measurements using gated transmission line method
structures. A decrease in mobility with increasing reverse bias of the gate was observed. A
variational wave function was used to calculate the mobility limited by optical phonon, alloy
disorder, and ionized impurity scattering as a function of gate bias, and found to match the
experimental data well. Three distinct regimes where phonon, alloy, and impurity scattering are
dominant were observed. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2965483兴
N-polar GaN and its alloys are very promising due to the
reversal of spontaneous and piezoelectric polarization
charges at heterostructure interfaces.1 In GaN/AlGaN/GaN
structures, these polarization charges lead to a fixed sheet of
mobile electrons, or a two-dimensional electron gas 共2DEG兲,
at the top heterointerface, which forms the basis of N-polar
high electron mobility transistors 共HEMTs兲.2 Although
N-polar HEMTs have been demonstrated,3–5 the transport
properties have not been studied in great detail. Unlike Gapolar HEMTs, the 2DEG charge is well confined in a deep
triangular quantum well between the AlGaN barrier and a
strong electric field induced by the surface potential. As the
gate bias is increased, the electric field increases, confining
the electrons further in the triangular potential well. The geometry of the electron wave function and its penetration into
the barrier, both of which are of paramount importance to the
transport properties of the 2DEG, are therefore strongly affected by the shape of the potential well.6 In this work, we
create a theoretical model for calculating electron mobility in
2DEGs confined to triangular quantum wells as a function of
the electric field in the well and apply it to N-polar HEMTs
grown by metal-organic chemical vapor deposition
共MOCVD兲. Charge and drift mobility were measured as a
function of electric field using capacitance-voltage 共C-V兲
measurements and gated transmission line method 共TLM兲
structures and found to fit the theoretical calculations well.
The HEMT structure shown in Fig. 1 was grown by
MOCVD on a sapphire substrate misoriented 3° toward the a
plane using a growth technique detailed in an earlier study.3
The structure was capped with 5 nm of SiN grown by
MOCVD in order to reduce gate leakage. Measurement of
the drift mobility was done using gated TLM structures. The
structures were aligned parallel to the surface steps because
the drift mobility of N-polar HEMTs grown by MOCVD is
anisotropic with respect to the direction of the source
current.3 The resistance of TLM patterns with gate lengths
varying from 2 to 20 m, and access region lengths of
2 m, was measured. The slope of the resistance line with
respect to the gate length multiplied by the gate width gave
the channel sheet resistance Rsh at each gate bias. A small
a兲
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source current of 25 A was used to avoid high-field effects
and pinch off of the channel. The 2DEG sheet charge ns as a
function of gate bias was determined from capacitancevoltage measurements. The mobility was calculated by combining the two measurements using

共VG兲 = 关eRsh共VG兲ns共VG兲兴−1 .

共1兲

A variational wave function for mobile electrons confined in a triangular quantum derived by Fang and Howard
has had widespread use for electron transport calculations for
2DEGs in many different material systems.7 Traditionally, it
has been assumed that the triangular potential well was
shaped entirely by depleted background dopants and the mobile charge confined to the well. However, a previous experiment observed a strong impact on the mobility of 2DEGs
when the electric field in the well is modulated by an external voltage.6 The structure used in this study is shown in Fig.
1. It consists of an Al0.33Ga0.67N barrier grown on a semiinsulating GaN buffer. The structure has a 5 nm GaN channel
layer, a 25 nm Al0.1Ga0.9N cap layer, and a 5 nm SiN gate
insulator on top of the barrier. Material properties for the
alloys were determined using Vegard’s law 共Table I兲.
In a previous study, a variational wave function was derived for infinite triangular wells where F, the electric field,
is known.8 A generalized form of the Fang–Howard wave
function was used,

共z兲 = Cza exp共− bz/2兲,

z ⱖ 0,

共2兲

where a and b are variational parameters, ⌫ is the gamma
function, and C = 关b2a+1 / ⌫共2a + 1兲兴0.5. When a = 1 this is identical to the Fang–Howard wave function. Using this as a trial
function, one can obtain the first subband energy as

FIG. 1. Epitaxial structure of the N-polar HEMT used for both theoretical
calculations and experimental measurements in this study.
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TABLE I. Material constants for the device structure measured in this
study.14
Property

Symbol

Effective mass 共well兲
Effective mass 共barrier兲
Conduction band offset 共barrier-channel兲
Conduction band offset 共channel-cap interface兲
Polarization charge 共channel-cap interface兲
Static dielectric constant

mwⴱ
mⴱb
⌬Ec,1
⌬Ec,2
,net


E0 =

Value

Units

0.20
...
0.27
...
0.59
eV
0.18
eV
−0.0086 C / m2
8.9
...

b2
eF
ប2
+ 共2a + 1兲.
*
2mw 4共2a − 1兲 b

共3兲

Where mwⴱ is the electron effective mass in the well, ប is the
reduced Planck constant, and e is the electron charge. Minimization with respect to b yields the relation
共4兲

b3 = 4eប−2mw* F共2a + 1兲共2a − 1兲

for the variational parameter, and minimizing b yields a
= 1.5. This wave function does not account for penetration of
the wave function into the AlGaN barrier, and thus cannot be
used to calculate the alloy scattering rate. Furthermore, the
centroid of the 2DEG is predicted to be further from the
barrier, which can strongly affect some calculations.
We developed a modified form of this wave function in
this study, which takes the form

共z兲 = M exp共Bz/2兲,

z ⬍ 0,

共z兲 = NC共z + zo兲a exp共− bz/2兲,

共5兲
z ⱖ 0,

共6兲

where M and N are normalization constants and z = 0 at the
barrier-channel interface. In the barrier, B is given by

B = 2ប−1冑2mb*共⌬EC,1 − E0兲,

共7兲

where ⌬Ec,1 is the conduction band offset at the interface
between the barrier and the channel layers and mⴱb is the
electron effective mass in the barrier. Matching boundary
conditions at z = 0, zo can be evaluated as
zo = 2a共B + b兲−1 .

共8兲

Applying the normalization boundary condition yields
N=

冑

B
,
Be + C2z2a
o

共9兲

bzo

共10兲

M = NCzao ,

which gives the electron wave function in closed form as a
function of F.
Now only the electric field needs to be determined in
order to know the wave function. Referring to the band diagram in Fig. 2, we obtained the expression
Fchanneltchannel + Fcaptcap = s + 关E0 + 共EF − E0兲
− ⌬EC,2兴/e,

共11兲

where ⌽s is the potential between the gate metal and the
conduction band at the semiconductor-insulator interface,
⌬Ec,2 is the conduction band offset between the channel and
cap layers, and E0 is the energy of the first subband. Only the
electric field in the channel layer is of interest, and using

FIG. 2. Conduction band diagram of the HEMT used in this experiment.
The N-polar surface is on the right hand side.

Poisson’s equation we can substitute Fcap = Fchannel + ,net / ,
where ,net is the net polarization charge at the cap channel
and  is the permittivity of GaN. Since the electric field must
be known in order to calculate E0, we approximate E0 as
0.15 eV for the purpose of calculating the electric field at
zero gate bias. This was confirmed to be a good approximation by solving Schrodinger and Poisson’s equations selfconsistently. Expressed in terms of fundamental parameters,
the electric field in the channel is
F共0兲
=

s + ប2ns共0兲/关emw* 兴 + E0共0兲/e − ,nettcap/ − ⌬EC,2/e
tchannel + tcap

,

共12兲
if E f − E0 Ⰷ kT. ⌽s was measured as 0.9 V for GaN in a
previous experiment using C-V measurements,9 thus we used
a value of 1 V for 10% AlGaN. It follows that F共Vg兲 = F共0兲
+ Vg / 共tchannel + tcap + tSiN兲, where tSiN is the thickness of the
gate insulator. The charge in the channel will deplete as the
gate is reverse biased. Using Poisson’s equation, the channel
charge at an arbitrary reverse bias is ns共Vg兲 = ns共0兲
− 关F共Vg兲 − F共0兲兴 / e, where ns共0兲 was measured as
9.7e12 cm−2 experimentally.
With the wave function and the charge density known,
the mobility was calculated as a function of gate bias. The
scattering mechanisms considered were polar optical phonon
scattering,10 alloy disorder scattering,11 and ionized impurity
scattering from unintentional donors in the AlGaN barrier
layer,12 of which we measured a concentration of
2.5e18 cm−3 with secondary ion mass spectroscopy 共SIMS兲
measurements. The high concentration of impurities in the
barrier layer is due to the increased incorporation of oxygen
during N-polar growth when compared to Ga-polar growth.13
This donor concentration was confirmed with C-V
measurements.9 Impurities in other layers were not considered because the concentration of oxygen in the channel was
measured as 1e17 cm−3 by SIMS, and the increased distance
of the wave function to the cap layer makes impurities in the
cap layer insignificant compared to those in the barrier.
With the scattering rates known, the mobility is easily
calculated using Matheson’s rule and the Drude relation. Figure 3 shows the calculated mobility as a function of sheet
charge in the channel and transverse channel electric field as
the device is pinched off, along with the mobility limited by
each of the scattering mechanisms. The mobility is limited
by optical phonon scattering at low gate bias, but alloy scattering has an increasing impact as the barrier penetration of
the wave function increases with increasing gate bias. As the
field increases further, impurity scattering becomes the domi-
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was shown through theory and measurements that increasing
the electric field in the channel of a 2DEG has a detrimental
effect on the mobility because the wave function is pushed
closer to the barrier alloy. This theoretical formalism can be
applied to any other material system and device structure in
which a 2DEG is confined to a triangular well by a strong
electric field.
The authors gratefully acknowledge the support of
AFOSR and the ONR-MINE program supervised by Dr. Paul
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FIG. 3. 共Color online兲 Theoretical calculations for mobility limited by optical phonon, ionized impurity and alloy disorder scattering, the total mobility, and the experimentally measured data plotted vs 2DEG sheet charge and
channel electric field as the gate is pinched off.

nant scattering mechanism because the centroid of the 2DEG
charge becomes very close to the ionized donors in the barrier, and screening is reduced due to the decrease in charge
density. Both the shape and the values of the theoretical
curve had a good fit to the data collected experimentally,
although temperature-dependent measurements should be
done to verify that impurity scattering is dominant near pinch
off, as the 2DEG may be more weakly degenerate at lower
charge densities and high temperature.
In conclusion, theoretical calculations for the mobility of
electrons confined to a triangular well by an arbitrary electric
field were done, and applied to an N-Polar HEMT. The drift
mobility was measured with gated TLMs as a function of
gate bias and found to match the experimental data well. It
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