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Unlike silicon and traditional III-V semiconductors, the III-nitrides exhibit high spontaneous and
piezoelectric polarization charges at epitaxial polar heterojunctions. In the process of investigating
scaling properties of gate-stacks consisting atomic-layer deposited Al,Os/III-Nitride heterojunctions,
we find interface charges that appear closely linked to the polarization charges of the underlying
nitride substrate. Through capacitance-voltage measurement on a series of samples of varying
dielectric thicknesses, we find the presence and propose an origin of benign donor-type interface
charges (Q; ~6 x 10"*cm™?) at the AIN/ALLO; junction. This interface charge is almost equal to the
net polarization charge in AIN. The polarization-related dielectric/AIN interface charge and the role
of oxygen in the dielectric as a possible modulation dopant potentially offer opportunities for various

device applications. © 2011 American Institute of Physics. [doi:10.1063/1.3658450]

GaN high electron mobility transistors (HEMTSs) outper-
form Si devices for high voltage switching by virtue of their
large bandgap and additionally possess the potential for very
high speed switching. This requires highly scaled low sheet-
resistance HEMT structures with very thin barriers. How-
ever, ultrathin epitaxial barriers (such as AIN or InAIN)
result in substantial leakage currents preventing the capabil-
ity to block high drain voltages, and dielectrics can substan-
tially mitigate this problem. Thus, dielectrics such as SiO,,"
Si3Ny,2 HfO,,®> and ALO; (Ref. 4) are being investigated
intensively both for composite gate stacks as well as for the
suppression of current collapse” by passivating surface states
in these devices. Atomic layer deposited (ALD) Al,O3 has
drawn the attention of the community due to its large
bandgap and outstanding dielectric® and passivation’ proper-
ties. The superior quality (in terms of uniformity) of ALD
over sputtering and electron-beam deposition, coupled with
high band gap (~6.5eV),* high dielectric constant (~9.1),
high break down field (~10MV/cm), high thermal (amor-
phous ~1000°C), and chemical stability of ALD-grown
Al,O5; makes it a natural choice as a gate insulator for AIN/
GaN HEMTs (Ref. 9) and its variants. The study of the ALD
Al,O3/III-nitride interface is of prime importance for device
characteristics of AIN/GaN HEMTs. In this work, we present
a comprehensive characterization of AIN/GaN MOS-HEMT
gate stacks with ALD Al,Oj; of various thicknesses. Through
capacitance-voltage (C-V) measurement, we find the pres-
ence and propose an origin of benign donor-type positive
interface charge (Q;,) at the AIN/Al,O5 junction and relate
its presence to the polarization charges in AIN. The presence
of Q;, explains the trend of pinch-off voltage and two-
dimensional electron gas (2DEG) density with ALD thick-
nesses both qualitatively and quantitatively. Recent report'®
(appeared after this submission) on ALD/GaN structure also
invokes positive interface charge to explain the trend of
pinch-off voltage with ALD thicknesses.

Y Author to whom correspondence should be addressed. Electronic mail:
Debdeep.Jena.l@nd.edu.

0003-6951/2011/99(19)/193504/3/$30.00

99, 193504-1

AIN/GaN HEMT structures were grown in a Veeco
Gen 930 molecular beam epitaxy (MBE) system on semi
insulating 0001 GaN templates (2 um) on sapphire under
metal rich conditions. Ga flux of ~2.1x10~ Torr, Al flux of
~1.6x10~7 Torr, and N, supplied from a Veeco rf source at
a plasma power of 240 W were used. The MBE layer struc-
ture consisted of a thin 1.5 nm AIN nucleation layer (to elim-
inate buffer leakage''), followed by 240 nm unintentionally
doped (UID) GaN, and t4,y =4 nm AIN barrier layer grown
at a substrate thermocouple temperature of 660 °C as indi-
cated in Fig 1(a). Mesa isolation was achieved with BCl3/Cl,
plasma reactive ion etching, followed by source/drain ohmic
metallization using Ti/Al/Ni/Au (15/120/40/60 nm) stack
deposition followed by rapid thermal annealing in Nj/Ar
atmosphere for 30s at 600°C. A saturation current of 1.3
Amps/mm was measured. The sample was then cleaved into
four parts and four different Al,O5 thicknesses (f,,=2nm,
4nm, 6 nm, and 8 nm) were deposited on the AIN surface by
ALD with tri methyl aluminum (TMA) and H,O as the pre-
cursors under identical conditions at 200 °C. Finally, Ni/Au
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FIG. 1. (Color online) (a) Schematic layer structure of the sample; (b) high
resolution transmission electron microscope image along zone axis [100]
showing the layer structure of the sample; High-resolution lattice image of
the gate stack (inset) showing the crystalline AIN barrier layer, the amor-
phous ALD Al,O3, and Ni as gate metal.
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FIG. 2. (Color online) (a) C-V plots (@1 MHz) of the four samples with dif-
ferent ¢, showing V,, increases with increasing 7,.; (b) Plots showing the
charge profile and varying depth of 2DEG channel from the gate metal for
samples with different 7,,. Experimentally and analytically obtained 2DEG
peak position for different #,, is shown in the inset (b).

(50/150 nm) gate metal stacks were deposited simultaneously
on the 4 samples. The layer structure of the sample is shown
in Fig. 1(a). Fig. 1(b) shows the cross-section transmission
electron microscopy (TEM) image of the gate stack of the
t,» =4nm sample, confirming the thicknesses. The thickness
variation of the ALD Al,O3 layer is within an acceptable
window. The C-V characteristics measured at 1 MHz on cir-
cular diode patterns of area A=rm x (10 ,um)2 on the four
samples with different 7,, shows negligible hysteresis. As
shown in Fig. 2(a), the pinch-off voltage V), increased with
the thickness of the ALD oxide (as deposited and un-
annealed) layer from V,=-3.6V for f,,=2nm to
V,=-8.8YV for t,,=8nm. The carrier density profile n(z)
extracted'? from the C-V measurement using n(z) =( Cj/qss)
(dC/dV)~" is shown in Fig. 2(b), indicating the varying depth
of the 2DEG channel from the gate metal. The centroid of
the 2DEG distribution from the ALD surface is given by
Zeentroid = tox + taiv +d. Where d is the displacement of the
centroid of the 2DEG from the heterointerface (AIN/GaN)
and is given by d = 3/b (b= 132n°m*¢°n/8h’e,)."* Fig. 2(b):
inset shows the comparison of the 2DEG peak position as
obtained from the analytical expression above with the one
obtained from the experimental result (extracted from the
C-V measurement).

To explain the increase in V,, with t,, for the structures,
we investigate possible sources of fixed/mobile charges and
associated energy band diagrams. Apart from fixed polariza-
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tion charges at the epitaxial AIN/GaN heterojunction and the
AIN surface, we consider a fixed positive sheet charge (Q;,)
at the ALD/AIN interface (justified later). Fig. 3(a) shows
the charge and energy band diagram simulated using a self-
consistent Poisson-Schrédinger solver'* for the Ni/Al,O5/
AIN/GaN (50/2/4/240nm) structure at V;=0V with
and without Al,O3/AIN interface oxide charges. The charge
and energy band diagram at pinch-off (V;=1V,) is shown
in Fig. 3(b). From this figure, the generalized expression for
V,is

qV, = —dp + (qVhy +qVh,) + (AEAN/GN — AESAN)
(1)

where V%, and V2 are the voltage drops at pinch-off in the
AIN and oxide layer, respectively, given by

Vi = 4QxavjGan) (taiv /€ain ), 2

V{))x = q(Qil‘ - Qn(GaN))(tox/gox)~ (3)

Here, OramiGan) (~6.1 X 108 em™?) is the polarization
charge density at the AIN/GaN interface, Oy
(~1.8 x 10" cm™?) the polarization charge density of GaN,
tov the thickness of AIN, 7, the thickness of the ALD oxide
layer, eqn (~9.1¢p) is the dielectric constant of AIN and ¢,
(~9.1¢,) of the ALD oxide, AE, NN (~1.9¢V) is the con-
duction band offset between AIN/GaN, and AE AN ~
(taiv — Yarzos ~1.3 eV)lS‘16 is the conduction band offset
between Al,Osz/AIN. We extract @5 =2.9¢eV to be the Ni/
Al,O3 surface barrier height from the slope of a Fowler-
Nordheim'” plot of a (Ni/Al,O3/Ni) M-I-M diode structure
(not shown here). We note that at pinch-off (Fig 3(b)), the
details of the energy band diagram from the bulk till the
AIN/AL,O; interface remain locked by the requirements of
no charge in the channel and the polarization charges at the
AIN/GaN interface and the AIN surface. From Eq. (1), it is
evident that if the ALD layer introduces no additional
charges (Q;=0), then V, should tend towards zero
(decrease). It may even be possible to make V), > 0 this way,
achieving enhancement mode (E-Mode) operation by simply
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FIG. 4. (Color online) (a)-(b) Experimental and simulated (for various Q;,) V),
and n; for different 7,,. The atomic arrangements at the Al,O3/AIN interface
and the positive donor dopants giving rise to Q;, are shown in the inset (a).

growing a charge-free dielectric in the gate region. This is
the consequence of polarization charges at III-nitride hetero-
junctions that prevent flat-band conditions through the entire
structure under any bias voltage. However, the experimental
shifts of V), in Fig. 2(a) contradict this trend. We find that
introducing a positive charge Q;,~6x10"2cm™ at the
(Al,O3/AIN) interface captures the V), shifts as shown in Fig.
3(b). This value is essentially identical to the net polarization
charge in the strained AIN layer (Q;; ~ QramvGan))- On the
other hand if the interface charge is equal to the net sponta-
neous polarization of GaN (Q;;= Orcan))s V, should not
change with ¢, as also shown in Fig. 3(b). Thus, with the
increase of t,,, if Qi <QOncan) Vp Will decrease (become
more E-mode) and if Q;; >QrGan), V), Will increase (become
more depletion mode (D-mode)).

The increase in experimental V), with 7, is quantitatively
justified (with Q;, ~6 % 1013cm72) by using self-consistent
Poisson-Schrodinger simulation as shown in Fig. 4(a). The
interface density Q;; ~ 6 x 108 em™2 is remarkably close to
the surface polarization charge of the strained AIN layer. We
argue that since the AIN surface is metal (Al)-face, the oxy-
gen atoms of the ALD layer attach to Al and by electron
counting rules can be viewed as substituting the nitrogen
site,'® acting as donor dopants. The picture is essentially
identical to modulation doping: the positive sheet charge at
the Al,Os/AIN interface [inset, Fig. 4(a)] neutralizes nega-
tive polarization charges of the AIN surface, increasing the
2DEG density at the AIN/GaN heterojunction. Fig. 4(b)
shows that the increase in the experimental 2DEG density 7,
(from C-V) with ¢, can be explained if Q;; ~ 6 x 102 em™2
is assumed.

In conclusion, we have systematically analyzed the prop-
erties of metal-polar AIN/GaN interface with ALD Al,Oj in-
sulator. Our result indicates that the negative polarization
charge at the AIN surface is effectively compensated by fixed
positive charge (Q;;~ 6 X 103 cm ™). The role of ALD OXy-
gen layers as possible modulation dopants can offer opportu-
nities for various innovative designs in III-nitride electronic
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devices. Recently, it has been demonstrated'? that the deposi-
tion of ALD Al,O3/SisN4 on subcritical AIN(<2nm)/GaN
structure can induce 2DEG ~ 1 x 10"*cm ™2 and can be used
for E/D mode HEMTs. As the interface roughness scattering
is inherently low'" in thin-barrier GaN HEMTs, the work pre-
sented here can facilitate subcritical barrier HEMTs. Most
importantly, the energy band diagram in Fig. 3(b) shows the
surprising consequence of polarization: by controlling the
effective O, (for example by compensation doping or by vary-
ing the polarization through the composition), V,, can be made
to increase, remain independent, or decrease with 7,,. Even
without the ALD layer, if the top heterointerface satisfies
Qir=Oxany Using either GaN caps or InAIN cap that is
polarization matched to GaN (Ref. 20) will render V), inde-
pendent of the cap layer thicknesses. Though the precise ori-
gin of the charges at the heterointerface and the corresponding
behavior for the N-polar face remains to be clarified, the
strong correlation with the polarization is expected to further
our understanding of ALD/III-Nitride interfaces with useful
consequences for high-performance devices.
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