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ABSTRACT

We report measurements and an improved analysis methodology to characterize the velocity-field characteristics of a polarization-induced
two-dimensional hole gas in a GaN/AlN heterostructure at both room and cryogenic temperatures, using pulsed voltage and current through
a micrometer-scale constriction. These high-bias measurements are made possible by Ohmic contacts that remain sufficiently transparent
(<50X mm above 10mA/mm current) at cryogenic temperatures. We observe a room temperature saturation velocity of ð2:16 0:2Þ # 106

cm/s and associated mobility of $7–12 cm2/V s for a hole density of 4# 1013 cm%2, which increases to ð4:46 0:4Þ # 106 cm/s at 4.2 K, with
an associated mobility of $25–50 cm2/V s. The measured ensemble hole saturation velocity in this geometry, which is suitable for field-effect
transistor channels, is lower than that of holes measured in lightly-doped n-type 3D bulk GaN (6.63#106 cm/s), owing to the 2D geometry
and high carrier density of the two-dimensional hole gas, and degraded hole mobility from recess etching. Measured velocity-field contours
are corroborated against bulk density functional theory and two-dimensional full-band real-space cellular Monte Carlo simulations under dif-
ferent surface boundary conditions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0276423

The success of GaN high electron mobility transistors (HEMTs)
for high-frequency applications1–3 has motivated the development of
their p-channel counterpart for GaN integrated circuits.4,5 These
efforts have proven challenging, however, owing to the large heavy
hole effective mass6 (m&

HH $ 2me) and the large activation energy of
Mg acceptor dopants in GaN7–10 (EA ¼ 135–170meV).

Polarization-induced doping in metal-polar11,12 GaN/Al(Ga)N
and nitrogen-polar13 Al(Ga)N/GaN heterostructures has been devel-
oped as an alternative means of p-type doping, wherein polarization
discontinuity and piezoelectric charge at the hetero-interface produce
a two-dimensional hole gas (2DHG) confined to the GaN.14 These
p-GaN channels can be formed without intentional chemical dop-
ants10,13 and benefit from the lack of impurity scattering and high free

carrier density, which boosts hole conductivity. As such, polarization-
doped p-GaN channels have been the platform for the highest on-
current stand-alone GaN p-channel field-effect transistors (pFETs)15,16

and demonstrations of GaN CMOS circuits.17–25

The switching speed of CMOS circuits is set by the cutoff fre-
quency of the constituent transistors, 2pfT ¼ 1=ðLg=vs þ sparÞ, where
Lg is the transistor gate length, vs is the saturated ensemble carrier
velocity, and spar is the time-delay from device parasitics. vs sets an
intrinsic limit on fT, captured in Johnson’s figure of merit,26

JFOM ¼ vsEc=2p, where Ec is the critical electric field.
The hole vs in lightly-doped n-type 3D GaN has been measured

by Ji et al.27 in vertical p-i-n diode structures by optically exciting elec-
tron–hole pairs and measuring the resulting current through the
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depleted region under $ kV reverse bias. A vs of 6:63# 106 cm/s was
reported at room temperature for a net donor doping density of
1:0# 1016 cm%3.

However, high-field vertical transport through a lightly doped
bulk semiconductor is expected to differ from lateral transport of a
high-density 2D carrier gas because the dimensional confinement and
occupation of low-energy k-states by the large carrier density influence
the scattering of high-energy carriers.28 Switching speeds in GaN
pFETs utilizing chemically doped channels have also been shown to be
affected by field-induced acceptor ionization.29 These conditions moti-
vate a measurement of vs in an undoped GaN/AlN 2DHG in this
work.

vs can be straightforwardly measured in an FET by RF time-
delay-analysis30–34 in which fT is measured for transistors of varying
Lg and fit to determine vs. This measurement requires a FET with RF
switching capability and a sufficiently low-leakage gate to perform an
open de-embedding correction with the transistor channel pinched off.

In the absence of such a transistor, pulsed current–voltage
(I % V) measurements of an etched constriction are a standard alter-
native means of electrically measuring vs for lateral transport. This
technique was first demonstrated in 1951 in Ge35 and has since been
reported in various bulk semiconductors,36–39 2DEGs,40–44 and 2D
materials.45 High-field conductivity measurements in linear transfer
length method (L-TLM) and field-effect transistor structures with no
constriction have also been reported.46–50

For this technique, a pulsed voltage Va is applied, and the current
I is measured between Ohmic contacts on either side of an etched con-
striction of width w and length ‘ [see Figs. 1(b), 1(g), and 1(h)]. If the
carrier density n2d is known (e.g., from Hall effect measurement), the
ensemble drift velocity vd can be deduced by

vd ¼
I

qn2dw
; (1)

with the corresponding electric field inside the constriction given by

FIG. 1. (a) Measured current (left) and voltage (right) waveforms at room temperature for four voltage pulses from 0 to 30V. (b) Circuit diagram of the pulsed measurement unit
(PMU) and constriction test structure (not to scale) in a two-point I % V configuration. (c) Device heterostructure. (d) Energy band diagram and 2DHG formation at the GaN/AlN
interface. (e) Measured voltage vs current at T¼ 4.2 K, subdivided into the inferred voltage drops in the constriction (dark grey), the access regions (light grey), and the contacts
(red). (Inset) Top-view of constriction test structure (not to scale), assuming an elliptical current profile in the access regions (b ¼ 2). (f) Percentage of applied voltage dropped in
the contacts, access regions, and constriction for the highest-voltage measurement in (e) as a function of the curvature parameter b defining the current-confinement profile in the
access regions. (g) SEM image of an etched constriction. (h) Constriction test structure diagram with labeled dimensions and variables. Three exemplary current-confinement pro-
files are plotted [mathematical expression provided in Eq. (11)]: b ¼ 1 (trapezoidal, red), b ¼ 2 (elliptical, blue), and b ¼ 10 (nearly rectangular, green).
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E ¼
Va % Vparasitic

l
; (2)

where Vparasitic accounts for any voltage loss between the constriction
and the I % V probes. Measured velocity-field curves are commonly
fit with the empirical Caughey-Thomas relation,51,52

vðEÞ ¼ lE

1þ lE
vs

! "a
 !1=a

; (3)

to extract vs and the low-field mobility l, with a $ 1 as a phenomeno-
logical fitting parameter.

The device heterostructure utilized in this study [see Fig. 1(c)]
was grown by molecular beam epitaxy on a single-crystal AlN sub-
strate.53 The AlN substrate surface was cleaned before growth by
Al-flux polishing,54 then a 1.7lm buffer layer was grown, consisting of
two unintentionally doped (UID) AlN layers above and below a
$495nm thick UID Al0.91Ga0.09N layer. This intermediate AlGaN
layer serves to getter donor Si impurities within the buffer layer and
prevent hole compensation in the subsequently-grown epitaxial
layers.55 An 11.9nm layer of UID GaN was grown above the AlN
buffer. Polarization discontinuity at this GaN/AlN interface and
strain-induced piezoelectric charge produce a 2DHG in the GaN10 [see
energy band diagram in Fig. 1(d)]. Finally, an 11.9 nm
pþIn0.04Ga0.96N capping layer was grown to facilitate Ohmic contact
to the 2DHG.15,16 Downward diffusion of Mg from the pþInGaN
layer into the UID GaN layer is expected to be negligible.56 Additional
details of the epitaxy are discussed in Refs. 6 and 53.

Unannealed Pd/Au/Ni Ohmic contacts were formed by electron
beam evaporation and liftoff process, as discussed in previous
works.15,16 The large work function of Pd ($5.2 eV) as well as the
reduced bandgap and activation energy of Mg dopants in the
pþInGaN layer57 all promote Ohmic contact to the underlying hole
channel. The pþInGaN layer between the metal contacts was removed
with a BCl3 ICP-RIE recess etch, leaving a 6.9 nm GaN channel layer.
A low RF plasma power of $ 8 W was used to curb etch damage while
maintaining a stable plasma; however, further improvements are nec-
essary, as evidenced by the mobility degradation observed in this work.
The constriction channels were patterned by optical lithography and
isolated by ICP-RIE etching [see scanning electron microscopy (SEM)
image in Fig. 1(g)].

Magnetotransport measurements of the recess-etched region
showed a positive Hall coefficient from 4.2 to 300K, confirming the
presence of the 2DHG. The as-grown epitaxial sample had a sheet
resistance of 5.9 kX/( and a Hall mobility of 15 cm2/V s. After recess
etching, the sheet resistance increased to 16 kX/(, and the Hall mobil-
ity dropped to 10 cm2/Vs. Nonetheless, we chose to study this
pþInGaN-capped structure with a recess-etched channel over others
with higher as-grown hole mobility6,58 to maintain transparent hole
contacts at low temperatures while accepting the trade-off that the
hole mobility degrades under recess etching.

Self-consistent Poisson and 6-band k ) p simulations6,59 indicate
that the Fermi level in the measured GaN/AlN structures lies
$40meV below the heavy hole (HH) C-point, and $30meV below
the light hole (LH) C-point, such that carriers in both bands conduct
in parallel. Reference 58 demonstrates that, in such cases, the longitu-
dinal and transverse resistances are nonlinear with magnetic field, and

low-field Hall effect measurements ($1 T) will underestimate the free
carrier density. If the carrier mobilities are sufficiently large, this non-
linearity can be discerned from high-field ($10 T) magnetotransport
measurements and fit with a four-parameter two-carrier classical
Drude model to obtain the band-resolved densities. In Ref. 58, the LH
and HH densities extracted in this manner agree well with the LH and
HH densities obtained from Poisson-k ) p simulation.

However, due to the degradation of hole mobility in the recess-
etched regions of the measured sample, magnetotransport measure-
ments did not yield sufficient non-linearity to constrain the four fitting
parameters and extract the band-resolved densities. Thus, in the
remainder of this Letter, I % V measurements are primarily modeled
in terms of current density J (with units A/mm) and conductivity r.
Estimates for the velocity v ¼ J=qn2d and mobility l ¼ r=qn2d are
obtained using the total (HHþLH) carrier density from Poisson-k ) p
modeling, nk)p ¼ 4:0# 1013 cm%2 [see Fig. 1(d)]. Material parameters
for the k ) p model were obtained from Ref. 60, and the surface Fermi
level on the GaN surface was set 1:9 eV above the valence band.61

Two-point pulsed I % V measurements of the constriction test
structures were performed in a cryogenic probe station at temperatures
from 4.2 to 400K. As shown in Fig. 1(b), a Keithley 4200 Parameter
Analyzer equipped with a two-channel pulsed measurement unit (PMU)
was used to source a 10ls pulsed voltage in channel A with channel B
grounded while sampling the voltage and current waveforms in both
channels [see Fig. 1(a)]. The PMU could produce a maximum voltage
pulse of 40V and a minimum pulse width of 0.8ls. A duty cycle of
0.01% was used to minimize current-induced heating of the semiconduc-
tor channel from the high-voltage pulse. Voltage pulses of widths ranging
from 1 to 100ls produced comparable current output, indicating that
such heating did not significantly influence the measured transport.

The voltage drops across the constriction, Vconstriction, the con-
tacts, Vcontacts, and the intermediate “access regions,” Vaccess, were sub-
divided from the total measured voltage, VaðIÞ, as follows [see
example in Figs. 1(e) and 1(f)]:

VaðIÞ ¼ VconstrictionðIÞ þ VaccessðIÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
VfittedðIÞ

þ 2JcRcðJcÞ|fflfflfflfflffl{zfflfflfflfflffl}
VcontactsðIÞ

: (4)

Here, Wc is the width of the contact pad, Jc ¼ I=Wc is the current
density through the contacts, and RcðJcÞ is the total contact resistance
of the nonlinear contacts [see Figs. 1(e) and 2] as a function of Jc. The
sum of Vaccess (I) and Vcontacts (I) is equivalent to Vparasitic in Eq. (2).

RcðJcÞ was determined at each temperature from current-swept
measurements of L-TLM structures on the same sample. The contacts
exhibited nonlinear I % V , particularly below 200K [see Fig. 2(a)], so
a current-dependent L-TLM analysis was performed.

Treating the contacts as leaky back-to-back Schottky diodes, the
voltage drop VðJ; d ¼ 0Þ across both contacts is expected to be repeat-
able but nonlinear in Jc. The total voltage drop between L-TLM pads
with a finite spacing d > 0 is given by

VðJc; dÞ ¼ VðJc; d ¼ 0Þ þ JcRshd; (5)

where Rsh is the sheet resistance of the material between the pads.
Dividing by Jc, we obtain a total resistance (in Xmm) of

VðJc; dÞ=Jc ¼ VðJc; d ¼ 0Þ=J|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
2Rc ðJcÞ

þRshd: (6)
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Using this equation, Rc was obtained at each sampled Jc from linear
fits of the measured total resistance V=Jc vs pad spacing d [see example
in Fig. 2(b)]. The measured RcðJcÞ is plotted vs Jc in Fig. 2(c). Error
bars in this figure denote the standard error of measurements from
multiple L-TLM pad sets across the sample. At 300K, the contact pads
exhibited linear I % V with Rc $ 10Xmm at all currents. At 4.2K, the
contacts became nonlinear, with a contact resistance ranging from
$ 150–20X mm between 0 and 50mA/mm. Despite this diminished
performance at cryogenic temperature, the contacts accounted for
<5% of the total voltage drop across the measured constriction test
structures [see Fig. 1(f)], validating that the current saturation observed
in these structures is due to hole velocity saturation in the constriction
rather than current choke in the contacts.

The voltage drop in the access regions of the test structure
[VaccessðIÞ in Eq. (4)] is typically inferred38,45 by assuming (1) that the
electric fields in these regions are sufficiently below the saturation field
Es ¼ vs=l that all transport is in the “mobility regime” (vd * lE) with
sheet resistance Rsh ¼ 1=qnl and (2) that the current between the
contacts and the constriction flows within a trapezoidal profile [see red
b ¼ 1 contour in Fig. 1(h)]. Under these assumptions, the total voltage
drop in the access regions is computed by

Vaccess Ið Þ ¼ 2
ðrx

0
IRsh

dx
wðxÞ ; (7)

where rx is the distance between the contact and constriction and wðxÞ
is the width of the current-confinement profile at position x [see
Fig. 1(h)].

In this investigation, however, both of these assumptions are
modified. First, as seen in Eq. (4), rather than subtracting VaccessðIÞ to
determine VconstrictionðIÞ, we fit the entire voltage drop between the
contact pads, VfittedðIÞ. Doing so allows the hole velocity in the access
regions to deviate from lE before the carriers enter the constriction
and thus ensures that the inferred velocity-field curve and electric field
distribution across the entire test structure are related self-consistently.

To do this, we first multiply Eq. (3) by qn2d, which becomes

JðEÞ ¼ rE

1þ rE
Js

! "a
 !1=a

; (8)

where Js ¼ qn2dvs is the saturated current density. Solving Eq. (8) for
E gives

EðJ; Es; Js; aÞ ¼ Es
Js
J

! "a

% 1

 !%1=a

; (9)

with Es ¼ vs=l ¼ Js=r. Thus, the total voltage drop between x ¼ 0
and x ¼ L [see Fig. 1(h)] when flowing a current I is given by

VðI; Es; Js; a; bÞ ¼
ðL

0
E J ¼ I

w x; bð Þ ; Es; Js; a
! "

dx: (10)

Additionally, rather than assuming a trapezoidal current-confinement
profile in the access regions for wðxÞ, we use a super-elliptical equation
as follows:

wðx; bÞ ¼

wconð0Þ þ 2ry 1% x
rx

! "b
 !1=b

; x + rx;

wconðx % rxÞ; rx < x + rx þ ‘;

wconð‘Þ þ 2ry 1% L% x
rx

! "b
 !1=b

; x > rx þ ‘:

8
>>>>>>>>><

>>>>>>>>>:

(11)

The curvature parameter b phenomenologically emulates varying
degrees of current spreading in the access regions. A b value of 1 pro-
duces a trapezoidal profile, as used elsewhere.38,45 However, this repre-
sents an upper-bound estimate for Vaccess. By varying b to larger
values, we can also establish a lower-bound estimate for the inferred
voltage drop in the access regions.

For the example data shown in Figs. 1(e) and 1(f), measured at
4.2K, the access regions cumulatively account for between 38% and
15% of the total voltage drop when varying b from 1 to 20, respectively.
We demonstrate later in this report that this choice of b has negligible
impact on the measured value of vs [see Fig. 4(b)] but does impact the
inferred mobility and velocity-field curve [see Figs. 3(c) and 4(d)].

Example current-spread profiles for b ¼ 1 (trapezoidal), b ¼ 2
(elliptical), and b ¼ 10 are plotted in Fig. 1(h), which also shows the
coordinate system and variable definitions for Eq. (11). The wcon x0ð Þ
curve in Eq. (11) was determined graphically for each fabricated con-
striction from SEMmicrographs [see example in Fig. 1(g)].

FIG. 2. Current-dependent contact resistance [red in Figs. 1(f) and 3(a)] analysis of
linear transmission line method (L-TLM) measurements at four representative tem-
peratures from 4.2 to 300 K. (a) I % V curves from L-TLM pads with a spacing of
d ¼ 3 lm. (b) Total resistance (V=Jc) vs pad spacing d for a current density
through the contact pad (Jc ¼ I=WcÞ of 25 mA/mm. Wc ¼ 100 lm is the contact
pad width. (c) Current density-dependent extraction of the contact resistance Rc.
Points and error bars denote the average and standard deviation of measurements
of multiple L-TLM test structure sets across the sample. (Inset) Device heterostruc-
ture and equivalent circuit diagram of the L-TLM measurement.
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FIG. 4. Fit results/estimates (on the left/
right axes) of (a), (b) saturation current/
velocity, (c), (d) conductivity/mobility, and
(e), (f) a parameter for four constriction
test structures [dimensions given in inset
to (a)]. (a), (c), (e) Fit results from 4.2 to
400 K, analyzed with b ¼ 2. (b), (d), (f)
Fit results at 4.2 and 300 K, analyzed with
b ranging from 1 to 20. (a) Assuming a
temperature-independent 2DHG concen-
tration,58 the temperature-dependent vs
from all measured constrictions are well-fit
by an empirical model,62 with vsð300 KÞ
¼ 2:1# 106 cm/s. (inset to c) The
temperature-dependent mobilities follow
T%1 and T0 power laws above and below
$ 50 K. Note: plotted Js and vs in (a), (b)
denote an asymptotic fit parameter in the
Caughey-Thomas model51 [Eq. (3)] and
are larger than any measured current den-
sity or velocity. These results demonstrate
that the vs value inferred from constriction
velocity-field measurements is robust
against the assumed current-spreading
model.

FIG. 3. (a) Measured current vs voltage curves (points) at select temperatures from 4.2 to 300 K for a constriction with ‘¼ 776 nm and wmin ¼ 1117 nm, fit with Eq. (10) (solid
line). Right-going red bars indicate the inferred voltage drop across the contacts, excluded from the fitted voltage [see Eq. (4)]. (b), (c) The corresponding current density/hole
velocity (on the left/right axes, respectively) vs electric field curves from Eqs. (8)/(3) (solid line) plotted against the measured current density/hole velocity through the constric-
tion at its narrowest point I=minðwconðxÞÞ and the average electric field Vconstriction=‘ in the constriction (symbols). Error bars reflect propagated uncertainty in the fit parameters
in (a) and the measured constriction dimensions. The data in (b) assume an elliptical (b ¼ 2) current-confinement profile in the access region. In (c), fits at T¼ 4.2 K and
300 K are compared for b ¼ 1 (red), b ¼ 2 (blue), and b ¼ 10 (green). Insets in (b) and (c) show schematics of the respective current-confinement profiles [from Eq. (11)].
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Measured Vfitted vs I curves were fit numerically to Eq. (10) with
Es, Js, and a as free parameters and with a particular choice of b.
Example model fits assuming an elliptical current-spread profile
(b ¼ 2) are plotted in Fig. 3(a) at select temperatures from 4.2 to
300K. The corresponding best-fit parameters are plotted in Figs. 4(a),
4(c), and 4(e) for four unique constriction test structures at tempera-
tures from 4.2 to 400K. r and Js are indicated on the left axes of Figs.
4(a) and 4(c), respectively, with the corresponding estimates of l and
vs (from division by qnk)p) indicated on the right axes of Figs. 4(b) and
4(d), respectively.

Roughly 20% variation in r is observed between the four mea-
sured test structures. This variation likely arises from non-uniformity
of defect density or thickness in the epitaxial GaN or non-uniformity
in the recess etch depth or etch-induced damage.

Consistent with previous reports of GaN/AlN 2DHG trans-
port,10,53,55,58 the inferred mobilities decrease with a T%1 power law
above $ 50K and saturate at lower temperatures (T0 power law) at
$ 25 cm2/Vs [see inset to Fig. 4(c)]. Previous simulations of hole
mobility in GaN/AlN 2DHGs have found acoustic phonons to be the
dominant scattering mechanism.59 Analytical models for acoustic
deformation potential mobility in two-dimensional systems go as63

lADP2d $ ð2kBTÞ%1, so the observed power law behavior is expected.
The observed saturation velocities in Fig. 4(a) decrease from

$4:4# 106 cm/s at 4.2K to $1:5# 106 cm/s at 400K. The saturation
velocities are well-fit by the phenomenological fitting equation,62

vsðTÞ ¼
vsð300KÞ

ð1% AÞ þ A
T

300K

! " ; (12)

with vsð300KÞ ¼ 2:1# 106 cm/s and A¼ 0.56.
The room temperature lateral vs in these 2DHG structures, where

the hole Fermi level is $40meV below the top of the valence band, is
$3# lower than that measured for vertical transport in lightly doped
3D n-type GaN27 (6.63#106 cm/s), where the hole quasi-Fermi level
generated by photon absorption lies above the valence band. Previous
room temperature constriction measurements of AlGaN/GaN
HEMTs41 showed a$10# higher lateral vs of$3# 107 cm/s for a free
electron concentration of 2# 1013 cm%2 and mobility of 430 cm2/Vs.

To assess the influence that the assumed current spreading in
the access regions had on the extracted transport parameters, multi-
ple model fits were performed for all measured constriction test
structures and at all temperatures, varying b from 1 to 20. Figure
3(c) shows the peak current density and hole velocity in the constric-
tion at 4.2 and 300K for b values of 1, 2, and 10. The corresponding
fit parameters for all four test structures are plotted in Figs. 4(b),
4(d), and 4(f).

As is expected, the extracted conductivity/mobility values are
strongly influenced by the choice of b, decreasing by $2# between
b ¼ 1 and b ¼ 5 (above which the fit results are unchanged).
However, the extracted values of vs (as well as a) vary by only $5%
between b ¼ 1 and b ¼ 20, which is within the error bar from all
other sources of uncertainty in the measurement. This consistency is
also seen in Fig. 3(c), in which the 300K velocity-field curves for b¼ 1,
2, and 10 extrapolate to a similar saturation velocity, despite variation
in the inferred low-field velocities. These results demonstrate that the
vs value inferred from constriction velocity-field measurements is
robust against the assumed current-spreading model.

High electric field transport of holes in a GaN 2DHG was also
investigated by a two-dimensional full-band real-space cellular Monte
Carlo simulation.64 These simulations emulated the constriction mea-
surement by quantifying the total hole flux through cross sections near
both contacts and dividing by the local hole concentration. The details
of these simulations are discussed in the supplementary material. The
resulting velocity-field curves, simulated at 300K, are plotted in Fig. 5,
along with the bulk transport result from density functional theory
(DFT) and two measured contours at 300K from Fig. 3(b).

The simulated real-space device consisted of a 6.9 nm GaN thin
film on an AlN substrate with length ‘ in the current flow direction
[see inset to Fig. 5(a)]. Simulations were performed under two bound-
ary conditions. (1) the “free surface EF” condition—where the GaN
surface potential was calculated to maintain zero electric field at the
surface in a Neumann boundary condition, i.e., flatband GaN perpen-
dicular to the GaN/AlN interface, and (2) the “pinned surface EF”

FIG. 5. (a) Average hole velocity vs electric field curves at 300 K from three-
dimensional bulk DFT simulation (grey line), and two-dimensional full-band
real-space cellular Monte Carlo simulation (blue/orange points with lines), and con-
striction measurements [points—color convention given in Fig. 4(a)]. The real-space
simulations modeled a 6.9 nm GaN/AlN substrate heterostructure of length ‘ (top
left inset) with the surface electric field set to zero (orange) and with the GaN sur-
face Fermi level pinned to 1.9 eV above the valence band61 (light blue) for ‘ from
50 to 500 nm. (b) Measured and simulated hole velocities at an electric field of
500 kV/cm [from fitting to Eq. (3)] as a function of channel length.
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condition—where the GaN surface potential was fixed at all points
with the Fermi level 1.9 eV above the valence band61 in a Dirichlet
boundary condition. The simulated low-field hole velocities give a
mobility of$ 20 cm2/Vs at room temperature, in good agreement with
previous simulations.59 The measured room temperature mobility in
the constrictions was 7–12 cm2/Vs, depending on the choice of b [see
Fig. 4(d)]. The device simulation only accounted for phonon scatter-
ing, so the measured mobility is expected to be lower due to extrinsic
scattering, likely at point defects in the epitaxial structure or material
defects introduced during recess etching of the pþInGaN layer [see
Fig. 1(b)]. For reference, the measured low-temperature (<100K) hole
mobility in these fabricated constrictions is $ 10# lower than that of
the heavy hole and $ 400# lower than that of the light hole in similar
to-grown UID GaN/AlN structures.6,58

The bulk DFT simulation (grey line in Fig. 5) gives a room tem-
perature hole mobility of 36 cm2/Vs. This result is slightly lower than
the in-plane hole mobility of 46 cm2/Vs simulated by Leveillee
et al.,65 which accounted for the many-body GW correction to the
quasiparticle eigenvalues. This correction has the effect of increasing
band curvature and, consequently, mobility. The hole velocities from
bulk DFT extrapolate [by Eq. (3)] to a saturation velocity of 7.3#106

cm/s, slightly above that previously measured for holes in lightly
doped n-type 3D bulk GaN27 (6.63#106 cm/s). As seen in Fig. 5(a),
the free surface condition in the real-space 2DHG structure produced
similar velocity-field curves to the bulk simulation, regardless of
device size.

However, the pinned Fermi level case resulted in a harder velocity
plateau due to pinch-off effects. Consistent with the long-channel
mobility model of a field-effect transistor, the pinned surface potential
acts as a gate, and the saturation current increases with decreasing ‘.
The hole velocities at an electric field of 500 kV/cm [by Eq. (3)] for the
bulk DFT simulation and the real-space simulations are plotted as a
function of ‘ in Fig. 5(b). Hole velocities from the constriction mea-
surements are also plotted vs constriction length, showing a similar
increase with decreasing transport distance. In the pinned surface
EF case, the simulated velocity-field contour for ‘¼ 500 nm plateaus at
a saturation velocity of 1:2# 106 cm/s, while the measured constric-
tion with ‘¼ 776nm exhibited a saturation velocity of ð2:260:2Þ
# 106 cm/s. Shrinking the simulated structure to ‘¼ 50nm, the veloc-
ity field approaches that of the bulk and free surface conditions. Thus,
the simulated Fermi level pinning represents a limiting case of the sur-
face potential, resulting in a more drastic pinch-off than is present in
the measured devices. Nonetheless, the trend observed in the measured
and simulated high-field hole velocities suggests that gate length scal-
ing is a viable means of boosting saturated hole currents in p-channel
GaN FETs.

In conclusion, the velocity-field characteristics of a GaN/AlN
2DHG have been measured between 4.2 and 400K by pulsed electrical
measurements of etched constriction test structures. The analysis pro-
cedure that we have presented improves upon previous reports of this
method by accounting for varying levels of current spreading and
ensuring consistency between the inferred mobility in the access and
constriction regions of the test structure.

Assuming a temperature-independent hole density58 of
4:0# 1013 cm%2 from Poisson-k ) p simulations, a saturation velocity
of 2:1# 106 cm/s is inferred at 300K, increasing to 4:4# 106 cm/s at
4.2K. The inferred value of vs is shown to be unaffected by the

assumed current-spread profile in the access regions between the con-
tacts and constriction. The measured velocities are corroborated
against real-space full-band Monte Carlo simulations of GaN/AlN het-
erostructures with varying lengths. The simulated hole velocities
depend significantly on surface Fermi level pinning. This study sug-
gests that gate length scaling is a viable means of boosting saturation
current in GaN pFETs. Future constriction experiments would benefit
from improved Ohmic contacts;15,16 reduced pad-to-constriction spac-
ing; higher as-grown hole mobility6,58 or enhanced mobility from
strain engineering;59,66 surface passivation to regulate the surface
Fermi level condition; and a systematically varied 2DHG concentra-
tion, either by gating48–50 or by successive recess etching of the GaN
channel layer,40 but without degrading the GaN surface quality67 or
hole mobility.

See the supplementary material for a discussion on the technical
details of the Monte Carlo simulations presented in Fig. 5.
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