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Effects of interface states and temperature on the C-V behavior of metal/
insulator/AlGaN/GaN heterostructure capacitors

Marcin Miczek,"?® Chihoko Mizue," Tamotsu Hashizume,"® and Bogustawa Adamowicz?

'Research Center for Integrated Quantum Electronics and Graduate School of Electronics
and Information Engineering, Hokkaido University, North 13 West 8, 060-8628 Sapporo, Japan
Institute of Physics, Silesian University of Technology, Krzywoustego 2, 44-100 Gliwice, Poland

(Received 13 December 2007; accepted 10 March 2008; published online 28 May 2008)

The impact of states at the insulator/AlGaN interface on the capacitance-voltage (C-V)
characteristics of a metal/insulator/AlGaN/GaN heterostructure (MISH) capacitor was examined
using a numerical solver of a Poisson equation and taking into account the electron emission rate
from the interface states. A parallel shift of the theoretical C-V curves, instead of the typical change
in their slope, was found for a MISH device with a 25-nm-thick AlGaN layer when the SiN,/ AlGaN
interface state density D;(E) was increased. We attribute this behavior to the position of the Fermi
level at the SiN,/AlGaN interface below the AlGaN valence band maximum when the gate bias is
near the threshold voltage and to the insensitivity of the deep interface traps to the gate voltage due
to a low emission rate. A typical stretch out of the theoretical C-V curve was obtained only for a
MISH structure with a very thin AlGaN layer at 300 °C. We analyzed the experimental C-V
characteristics from a SiN,/Al,03/AlGaN/GaN structure measured at room temperature and
300 °C, and extracted a part of D,(E). The relatively low D, (~10"" eV~!cm™) in the upper
bandgap indicates that the SiN,/Al,O5 bilayer is applicable as a gate insulator and as an AlGaN
surface passivant in high-temperature, high-power AlGaN/GaN-based devices. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2924334]
. INTRODUCTION

GaN-based metal/insulator/semiconductor heterostruc-
ture field effect transistors (MISHFETSs) have recently at-
tracted much attention. While keeping the merits of conven-
tional Schottky-gate-based HFETs, i.e., a high density of
two-dimensional electron gas (2DEG) at the AIGaN/GaN in-
terface, high cutoff and maximum frequencies, and the ther-
mal and chemical stability of AlGaN and GaN, MISHFETSs
offer many advantages over HFETS, such as lower gate leak-
age current, higher breakdown voltage, better thermal stabil-
ity of the gate, mitigation of current collapse, a wider range
of gate voltage sweep, and higher maximum drain current
and output power.lf17 These features are crucial for applica-
tions in high-power, high-temperature electronics,”"’ particu-
larly to realize low on-resistance and normally off high-
power FETs.">!8

Although the standard high frequency capacitance-
voltage (C-V) measurement at room temperature (RT) is usu-
ally done on metal/insulator/semiconductor heterostructure
(MISH) capacitors and/or metal/semiconductor heterostruc-
ture (MSH) Schottky diodes before the fabrication and char-
acterization of the MISHFET devices, the C-V data are often
used only to estimate the thicknesses of the insulator film
and/or the AlGaN lzlye,rl""u’m’19 or to calculate the 2DEG
density.l’zo Although some authors have claimed that the
slope of the MISH C-V curve can be used as a measure of
the electronic quality of the insulator/AlGaN interface,*'"'!?
this claim should be considered very carefully because the
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C-V slope in a metal/AlGaN/GaN structure depends on the
quality of the AlGaN/GaN interface and other factors,”! and
there is no well known and tested procedure for the analysis
of C-V curves from a metal/insulator/AlGaN/GaN structure
to extract the state density at the insulator/AlGaN and
AlGaN/GaN interfaces. Some other authors have stated that
the shifts of the C-V curve and of the threshold voltage (V)
with respect to theoretical values are related to the charge in
the insulator and at the insulator/AlGaN interface.®”'> The
thermal stability of Vi, has also been proposed as a criterion
for high quality insulator/AlGaN interfaces.'”

Surprisingly, little systematic experimental and theoreti-
cal study has been done on the high-temperature C-V behav-
ior of MISH capacitors and MSH diodes considering the im-
pact of the interface states. The C-V and deep level transient
spectroscopy (DLTS) results of Mosca er al.”? suggested that
the influence of deep levels is crucial to gain an understand-
ing of and improve the insulator/AlGaN interface. We stress,
though, that C-V measurements done only at RT are far from
sufficient to characterize wide bandgap GaN and AlGaN in-
terfaces because of the extremely long time constants for
electron emission from the deep states at RT (approximately
3 months for a level at 1 eV below the conduction band
minimum in GaN) and an additional factor, such as higher
temperature or light, is absolutely necessary to excite carriers
from the deep levels. 2?2

Therefore, in this work, we performed systematic calcu-
lations of theoretical C-V  curves from  SiN,/
Alj,5Gag75sN/GaN structures with various thicknesses of
SiN, and the AlGaN layer, different densities, and distribu-
tions of the states at the SiN,/AlGaN interface at RT,
300 °C, or 500 °C, taking into account the low rate of elec-
tron emission from the deep levels. A parallel shift of the

© 2008 American Institute of Physics
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FIG. 1. Model structure used in the calculations.

theoretical C-V curves instead of the expected change in
their slope was found in the studied devices with a 25-nm-
thick AlGaN layer at RT and at 300 °C when the
SiN,/AlGaN interface state density D;(E) was increased. We
attributed this behavior to the position of the Fermi level at
the SiN,/AlGaN interface below the valence band maximum
of AlIGaN when the gate bias was near the threshold voltage
and to insensitivity of the deep interface traps to the gate
voltage due to a low emission rate. The typical stretch out of
the theoretical C-V curve was obtained in a structure with a
thin (5 nm) AlGaN layer at 300 °C. We then compared the
calculation results with experimental data from a
SiN,/Al,O3/ AlGaN/GaN device and the Al,03/AlGaN in-
terface state density was determined for part of the AlGaN
bandgap.

Il. CALCULATION METHOD
A. Model structure and Poisson equation

To calculate a theoretical C-V curve from a
metal/SiN,/AlGaN/GaN structure, we solved a Poisson
equation for the electric potential profile V(x) using a one-
dimensional model of the structure (Fig. 1). In AlGaN and
GaN layers, the Poisson equation has the following form:

2

=L Wpn+p), m

X £5€0
where ¢ is the elementary charge, € is the dielectric constant
of the semiconductor, g, is vacuum permittivity, and Np, n,
and p are the concentrations of ionized donor dopants, elec-
trons, and holes, respectively. In the insulator, Eq. (1) be-
comes the Laplace equation,

d*V

Pl 0. (2)

Boundary conditions at the contacts are the Dirichlet
type, i.e., at the gate (x=0) V=V;— ¢,/ q+ P,/ q, where V is
the gate voltage, ¢, and ¢, are the surface barrier height and
a built-in potential (both in energy unit), 1respectively,25 and
V=0 at the Ohmic contact. At the interfaces (SiN,/AlGaN
and AlGaN/GaN), Neumann boundary conditions are im-
posed. For instance, at the insulator/AlGaN interface,
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eseoFs — egoF 1= Qi+ Orix (3)

where ¢; is the insulator dielectric constant, F'=—dV/dx is
the electric field intensity (subscripts S and I denote the
semiconductor and the insulator, respectively), and Q;, and
Oy, are the sheet density of the interface trap charge and that
of the interface fixed charge, respectively.

B. Interface state charge

As mentioned, because of the wide bandgap of GaN and
AlGaN, the time constant of electron emission from the deep
electronic states reaches very large values, particularly at RT.
We can calculate the time constant for the trap level at en-
ergy E using the Shockley—Read—Hall model,?

1 E.—E
7= exp( < ) (4)
Ncvo kT

where N¢, v, o, Ec, k, and T are the effective density of
states in the conduction band, the thermal velocity of elec-
trons, the capture cross section of the trap, the bottom of the
conduction band, the Boltzmann constant, and temperature,
respectively.

Under the assumption that all interface states are in the
thermal equilibrium with the semiconductor, the charge in
the interface traps is determined by the Fermi—Dirac distri-
bution f(E),27

Ec Ec
Oi=q f DY(E)1 - f(E)|dE - q j DA(E)A(E)dE,
Ey

Ey
(5)

where Ey is the top of the valence band and DX(E) and
Dﬁ(E) are the energetic distribution of donorlike states and
acceptorlike states, respectively. However, if the interface
Fermi level (Eg) is lowered with respect to E. by the nega-
tive gate voltage (V;) within time (¢), which is much smaller
than the time constant (7), only some of the electrons (deter-
mined by the emission efficiency) will be emitted from the
interface traps. The emission efficiency is given by

T

7e=1 —exp(— 5>. (6)

Assuming that the interface states were in equilibrium at
zero gate bias and the negative V; was then applied, the
charge in the interface traps should be expressed by
E

Ec c

Oi=q J DY(E)1 - fo(1 - 7.) - nfldE - g f Di(E)
Ey Ey

X[fo(l = n,) + n.fldE, (7)

where f, and f are the Fermi—Dirac function at zero bias and
at the negative bias in question, respectively. It is easy to
check that if 7,=1, Eq. (7) is transformed to the classical
formula [Eq. (5)]. We assumed here and in the further calcu-
lations that the measurement duration is of r=100 s, which
is a reasonable estimation for typical C-V measurements in
the gate voltage range from O to —10 V with a sweeping rate
of 100 mV/s. The values of the capture cross section of the
interface states [0 in Eq. (4)] have not been reported for
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FIG. 2. (a) Time constant of electron emission from the interface traps to the Al ,sGa, ;5N conduction band and (b) emission efficiency vs trap energy at RT,

300 °C, and 500 °C. Parameters for the calculation were taken from Table 1.

insulator/AlGaN interfaces. Thus, we referred to the typical
value of o (107!% cm?) reported for SiO,/Si interfaces.”®*
The dependencies of 7 and 7, versus the trap energy at RT,
300 °C, and 500 °C are plotted in Figs. 2(a) and 2(b), re-
spectively. Note that 7,(E) is a steplike function at RT and
becomes more blurred at higher temperatures.

During the calculation, two types of the energetic distri-
bution of electronic state density at the SiN,/AlGaN inter-
face, D;(E), were assumed. One type of D;(E) is a narrow
Gaussian curve describing defect discrete states,

2
DyP(E) = Dy pax exr{— 4 log 2<M) } , (8)
i FWHM

where Dj . is the maximum density, E4 j is the energetic
location of the level, and FWHM is the full width at half
maximum of the Gaussian curve (subscripts A and D are
used as previously). The donorlike discrete state at Ep=FE,
—0.37 eV, which is probably related to the N-vacancy
defect,’®! and the acceptorlike state at E,=E,+1.0 eV,
which is related to the Ga Vacancy,32’33 were assumed [Fig.
3(a)]. FWHM of 0.1 eV was set for both states.

The other kind of Dy(E) is a U-shaped distribution in
accordance with the disorder-induced gap state model** with
donorlike states below the charge neutrality level Ecyy and
acceptorlike states above it. The density of the states reaches
the minimum, denoted Dy, at Eqy;. [Fig. 3(b)], and the full
formula for Dy(E) is

10 L @ D, (ev'em? 1 ol (b) D, (eV'em?
acceptor donor '
J state state donor-like
10 St 4 9 013 | i
1012 | | | 1012} o,
EV EA ED EC EV ECNL EC

FIG. 3. SiN,/AlGaN interface state density distribution used in the calcu-
lations: (a) the Gaussian peaks at E,=Ey+1 eV and at E,=E~—0.3 eV and
(b) the U-shaped distribution with Eqy at 1.6 €V below E.

DP(E) = Dy exp{(w)m} , 9)

E()A,()D

where Eg4, n4, Egp, and np describe the curvature of the
acceptorlike branch (subscript A, Ecn;, <E<E() and the do-
norlike one (subscript “D”, Ey<E<Ecyy), respectively.
Based on Ref. 35, we estimated Ey; to be at Ec—1.1 eV in
GaN and at E-—1.6 eV in AlGaN.

C. Polarization charge

The piezoelectric polarization due to biaxial strain at the
AlGaN/GaN interface is expressed by the following
formula:*

P,.(AIGaN/GaN) = P,,(AlGaN) - P, (GaN)

C
= 2<aG—aN - 1)(631 - 333£>, (10)
Cs;

AAIGaN
where ag,y and ag.n are the respective lattice constants of
GaN and AlGaN, e3; and es;3 are piezoelectric constants, and
Cy;3 and Cs; are elastic constants. We can calculate the spon-
taneous polarization at the AlIGaN/GaN interface from

P,,(AlGaN/GaN) = P,,(AlGaN) - P,,(GaN), (11)

where P,(AlGaN) and P;,(GaN) are the spontaneous polar-
ization in AlGaN and GaN, respectively.

Finally, the polarization-related fixed charge at the
AlGaN/GaN interface is

Or(AlGaN/GaN) = | P, (AlGaN/GaN)
+ P,,(AlGaN/GaN)

; (12)

which  gives about  1.2X10" g/cm?> at  the
Alj,5Gay75sN/GaN interface. However, photoluminescence
measurements by Grandjean et al*” and C-V measurements
by Garrido et al*® provided actual values of the electric field
intensity at AlGaN/GaN interfaces as low as 50% of the the-
oretical predictions. More recent electroreflectance results re-
ported by Kurtz et al.*® and Winzer et al.** showed smaller
(~15%) discrepancies. Moreover, annealing during device
processing can cause a partial relaxation of the interface
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TABLE I. Parameters used in the calculations. m, is the mass of a free electron, ¢ is the elementary charge, and

AlGaN denotes Al ,5Gags5N.

Parameter name

Symbol (unit)

Numerical value (material or interface)

Bandgap at RT E, (eV) 3.44 (GaN)*
3.99 (AlGaN)*
4.9 (SiN,) °
Effective mass of electron m,/m, 0.20 (GaN)*
0.23 (AlGaN)*
Effective mass of hole m,/m, 0.8 (GaN, AlGaN)*
Permittivity 10.35 (GaN)©
10.153 (AIGaN)®
7.2 (SiN,) °
Doping in the central AlGaN layer (cm™) 2Xx10'
Background doping (ecm™) 10" (GaN)
10'5 (AlGaN)
Band offset AE (eV) 0.384 (AlGaN/GaN)*
0.8 (SiN,/AlGaN) ©
Surface barrier height ¢, (eV) 2.0 (Al/SiN,) °
Interface fixed charge Oy (q/cm?) 9 10'? (AlGaN/GaN)
Charge neutrality level Ecn (eV) E-—1.6 eV (SiN,/AlGaN) ©
Ec—1.1 eV (AlGaN/GaN)®
Energy of donor discrete state Ep (eV) E-—0.37 eV (SiN,/AlGaN)
Energy of acceptor discrete state E, (eV) Ey+1.0 eV (SiN,/AlGaN) ¢
FWHM of discrete states FWHM (eV) 0.1
Capture cross section o (cm?) 10716 (SiN,/AlGaN) "
of interface states
Measurement duration 1 (s) 100

“Reference 49.
PReference 42.
“Reference 48.
dReferences 43 and 44.
“Reference 35.
'References 30 and 31.
fReferences 32 and 33.
"References 28 and 29.

. . . . . . 41
strain and a decrease in the piezoelectric polarization.

Therefore, we adjusted Qg to 9 X 10'? g/cm? in our calcu-
lations to set the threshold voltage at a value comparable to
that observed in our experiments.

We assumed no fixed charge at the SiN,/AlGaN inter-
face in accordance with the results of Maeda ef al.** and the
AlGaN/GaN interface was supposed to be free from bandgap
states. Table I summarizes all parameters used in the compu-
tations. The parameter values for Alj,sGay ;5N were calcu-
lated from linear approximations using values for GaN and
AIN, except the bandgap for which the bowing was taken
into account. The supposed band offset at the AlGaN/GaN
interface was 70% of the bandgap discontinuity.“’44 The es-
timated influence of temperature on the band offset and the
spontaneous and  piezoelectric  polarization at the
Aly,5Gag7sN/GaN interface’®*' 4 is negligible in the
first approximation. Quantum corrections to the C-V curves
are also unnecessary in the studied case.”!

D. Numerical solution

The Poisson equation in the model structure was solved
numerically by an elaborated computer program. First, the
equation was linearized and transformed into a vector-matrix
equation using the finite difference method, as proposed by

Gummel,”* for a nonuniform mesh and with appropriate
boundary and interface conditions. During the computation
of the electron density, the Fermi—Dirac integral was ap-
proximated analytically using the Aymerich-Humet
formula.”

We supposed that the holes, as minority carriers, could
follow neither the small ac voltage superposed on the gate
bias nor the gate voltage sweep (the deep depletion mode);
thus, the hole concentration was determined only at zero
bias. The high frequency mode was used for the interface
states, i.e., the states were assumed to not follow the ac sig-
nal, but to follow the gate voltage sweep with the restriction
imposed by Eq. (7).

The vector-matrix equation was repeatedly solved for the
correction in the electric potential until the correction was
below 107#kT/q. After the equation was solved for the gate
voltage V; and for V;+AV; (AV;=0.01 V), the differential
capacitance C was computed.

lll. CALCULATION RESULTS

A. General behavior and impact of temperature on
the ideal C-V curve

Figure 4 clearly shows that our model reproduces the
characteristic shape of C-V curves from the MISH capaci-
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FIG. 4. Theoretical C-V curves calculated for a SiN,/ AlGaN/GaN structure
like that in Fig. 1 without interface states at RT (solid line) and at 300 °C
(dashed line).

tors, namely, a nearly flat part between zero bias and the
threshold voltage (Vy,), a rapid change in the capacitance at
Vi, and a very small capacitance in the subthreshold region
(below V). The capacitance for the gate voltage between
zero and Vy, is determined by the total capacitance of the
depleted AlGaN layer and SiN, and is almost bias-
independent. The capacitance in the subthreshold region de-
pends on the background doping in the GaN layer and the
small increase in the capacitance near zero bias is due to
electron accumulation in the AlGaN layer.

The effect of increasing temperature on C-V from the
MISH structure without interface states (Fig. 4) is similar to
that in a MIS capacitor and manifests in a slight decrease of
capacitance between V;, and zero and in a reduction of the
slope caused by the increased Debye length and the thermal
broadening of the Fermi—Dirac distribution.”’

B. Effect of discrete interface traps

In this section, we discuss the influence of the discrete
interface traps [with Gaussian density distribution, D;(E)] on
the C-V curve of the MISH structure with a 5-nm-thick SiN,
layer. As shown in Fig. 5, the discrete states (both the donor
one at E-—0.3 eV and the acceptor one at Ey+1.0 eV) act

300IIII|IIII|IIII|IIII|IIII
@

o
(@}
I

6.5 -6.0 55 5.0 45 -4.0
V (V)

J. Appl. Phys. 103, 104510 (2008)
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FIG. 5. C-V curves (dashed lines) calculated for a MISH diode like that in
Fig. 1 at RT assuming acceptor- or donor-like states, respectively, at the
SiN,/AlGaN interface with density distributions like those of Fig. 3(a) and
a maximum density of 103 eV~' cm™2. The solid line represents the ideal
C-V characteristics.

like a fixed charge at the SiN,/AlGaN interface and only
shift the C-V curve toward a more negative bias (the donor
state) or toward zero (the acceptor state) with respect to the
ideal characteristics. The shift is proportional to the density
of states and does not depend on temperature up to at least
500 °C. Although such behavior is a little surprising com-
pared to the well known C-V curve stretch out caused by the
interface states in a MIS structure,””>* it can be explained
since the relatively shallow donor state and the very deep
acceptor state make it possible that the states are fully ion-
ized throughout the studied gate bias range. This hypothesis
was supported by calculations showing that if we assume an
acceptor trap at E-—0.37 eV or a donor trap at Ey
+1.0 eV, the ideal C-V curve is not modified at all because
the states are neutral in the studied bias range. The immunity
of the shift to temperature can be explained using the con-
cept of emission efficiency [7,(E)] and Fig. 2(b). Namely,
Ep is above the step of the 7,(E) curve at RT and E, is
below the step of the curve even at 500 °C (Es=Ey
+1.0 eV=E-3 eV). Therefore, if the FWHM of the
Gaussian D;(E) is not too large, the emission efficiency from

300||||||||||||||]||||]||||

103

i s e W WS U (N U W S NN (NS TS U SN SN NS S TN T
-6.5 -6.0 -5.5 -5.0 -4.5 -4.0
V(V)

FIG. 6. Theoretical C-V curves calculated for the MISH capacitor with the SiN,/AlGaN interface state density distribution, as shown in Fig. 3(b), and various

interface state density minima Dy (a) at RT and (b) at 300 °C.
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FIG. 7. Band diagrams of the SiN,/AlGaN/GaN structure calculated at a
bias of =5 V (slightly above the threshold) at RT. The SiN,/AlGaN inter-
face state density distribution was assumed to be like that of Fig. 3(b) with
D;o=0, 10", and 103 eV~! cm™.

the discrete states and, consequently, the C-V shift does not
pronouncedly depend on temperature.

C. Effect of interface traps with a continuous
distribution

Unexpectedly, the interface traps with the continuous
U-shaped density distribution [Fig. 3(b)] also only shift the
C-V curve without any change in its slope, as shown in Fig.
6. [The calculations were done for D;,=10'> and
10"3 eV~! cm™2, although our and the others’ experimental
data indicates a lower value of Dj, (in the range of
10" eV~' cm™) in order to better demonstrate the effect of
the interface states. For D,,=10'" eV~! cm™, the shifts of
C-V curves are much smaller and would not be well pre-
sented in the figures. The band diagrams for D,y from O to
10" eV~! cm™ and for V;=-5 V are similar (Fig. 7) and
the key point, i.e., the position of Fermi level below Ey, at the
SiN,/AlGaN interface, holds for all cases.] In contrast to that
of the discrete states, the shift depends on temperature, but
the temperature influence is also peculiar in that increasing
D;; has less impact on the C-V curve at higher temperatures
[compare Figs. 6(a) and 6(b)].

J. Appl. Phys. 103, 104510 (2008)

To explain this C-V behavior, we calculated the band
diagram of the structure at a bias slightly above V;, and the
dependence of the charge in the SiN,/AlGaN interface states
(Q;y) versus gate voltage (V). As shown in Figs. 7 and 8, two
reasons account for the limited sensitivity of Q;, to V.

(1) When V approaches Vy, from zero bias, the Fermi level
at the SiN,/AlGaN interface (Ey) is already below the
top of the AlGaN valence band E, (Fig. 7), so the
V-driven movement of E in the AIGaN bandgap cannot
change the occupation of the interface states and Q.
This is a fundamental limitation.

(2) When Eg is deeper and deeper in the AlGaN bandgap,
the time constant of electron emission from the interface
states close to Ej increases [Eq. (4) and Fig. 2(a)] and
the emission efficiency decreases [Eq. (6) and Fig. 2(b)];
thus, Q;, becomes less and less sensitive to V [this can be
seen when analyzing Eq. (7) for 7,— 0]. Eventually, for
a certain value of V>V, E is below the step of the
7,(E) curve, and Q;, saturates and does not depend on V
anymore, as demonstrated in Fig. 8(a). This limitation
can be mitigated by increasing temperature.

The interface-state-related stretch out of the high fre-
quency C-V curve’>* does not appear in the studied MISH
structures because of the following:

(1) At RT, the zero-bias Ej at the SiN,/AlGaN interface
(Erp) is below the step in the 7,(E) curve and the inter-
face charge is completely frozen. That is, the occupied
states, both acceptor and donor ones, below Ey, cannot
emit electrons because of the long time constant, even
when E at the SiN,/AlGaN interface is lowered with
respect to E. by the negative bias. The effect is demon-
strated by the flat RT Q;(V) curve in Fig. 8(a) and sche-
matically in Fig. 8(b).

(2) At higher temperatures, applying the negative bias
causes the emission of electrons from the deeper accep-
tor states but only in the limited range of the gate volt-
age close to zero bias, as shown in Figs. 8(a) and 8(c).
Unfortunately, in this range, the capacitance is almost

0.0 T T T T T ]
- (@) Dy=10"%eV'em? | (b) RT © 300°C
A ]
02 [ N
< - e v \\\
C 300°C Vo]
S 04 [ v —@® Ero
o C v
S osf M % - S =TT ] i
g I | SiN, AlGaN SN AlGaN
08 | RT\ § —_— | ]
_10 F hd [ | 1 | 1

'
o2}

5 4 3 2 0
V (V)

FIG. 8. (a) Dependence of the SiN,/AlGaN interface state charge (Q;,) vs gate bias in the MISH diodes at RT (solid line) and at 300 °C (dashed line). The
threshold voltages (V) are indicated for both curves. The interface state density distribution was assumed to be as shown in Fig. 3(b) with Dy,
=10" eV~' cm™. (b) Schematic view of the SiN,/AlGaN interface at RT for a gate bias slightly below zero and without electron emission from the interface
states beneath the zero gate bias Fermi level (Eg). The filled circles represent occupied states, and the empty circle the unoccupied state. (c) A similar view
at 300 °C. The arrows indicate the electron emission from the interface states to the AlIGaN conduction band.
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FIG. 9. Schematic illustration of (a) a typical interface-state-related stretch out of a high frequency C-V curve (e.g., for a SiO,/Si MIS structure) and (b)
peculiar fixed-charge-like behavior (e.g., in the studied MISH capacitor). Solid lines represent the ideal curves and the dashed lines represent those with

interface states.

voltage-independent and although Q; is sensitive to V,
the flat C-V curve cannot be stretched out (the slope is
equal to zero so it cannot be lowered by the interface
states) or, in other words, the stretch out is degenerated
into a parallel shift of the C-V curve (Fig. 9). Moreover,
the change in Q;, is much lower than the 2DEG density,
so the deformation of the C-V curve near a zero bias is
small.

The described phenomena are of great importance in
C-V analysis of metal/ /insulator/AlGaN/GaN devices be-
cause even if the C-V slope is close to the theoretical one for
the ideal structure, the interface states can have quite a high
density and be indistinguishable from a fixed charge. More-
over, if the intrinsic value of Vy, (the value for the insulator/
AlGaN interface without interface states and fixed charge) is
not known, only the interface states lying between Ef, and
the step in the 7,(E) dependence at the maximal measure-
ment temperature can be analyzed by the C-V technique. [Tt
seems to be possible to shift the upper limit of D;(E) scan-
ning above Ep, by using a positive gate voltage, but this can
cause an uncontrolled shift of the C-V curves, probably due
to charge trapping.zz] The other states are inactive or act like
a fixed charge. Therefore, evaluation of the insulator/AlGaN
interface quality based only on RT C-V measurements of the
MISH structure is inadequate because deeper states, which
are frozen at RT, can manifest themselves at higher tempera-
tures.

As can be deduced from the above analysis, the shift of
Vi, in respect to its intrinsic position, AVy,, depends on the
value of Q; when V reaches V;, and on the geometrical ca-
pacitance of the insulator/AlGaN system (CjajGan)s 1-€-»

0i(Viy)

A \% h="—"
‘ Cl/AIGaN

(13)

which is in agreement with the suggestion that AV, is related

to the charge at the insulator/AlGaN interface.*”'*
Nevertheless, Q;(Vy,) and thus AV, are complex func-

tions of D;, and temperature in the case of continuous D;,(E).

As shown in Fig. 6(a), AVy, is positive in the studied struc-
ture and reaches about 0.6 V for D;,=10' eV~! cm™ at RT.
Surprisingly, AVy, is reduced to about 0.25 V at 300 °C for
the same value of D, [Fig. 6(b)]. This effect is caused by the
fact that the step of 7,(E) is closer to Ecyp at 300 °C than
that at RT [Fig. 2(b)] and D;(E) decreases while E ap-
proaches Ecyy, so the saturated Q;, is smaller. Other calcula-
tions (not shown) suggest that the magnitude and even the
sign of AV, depend on the SiN, thickness, D;(E), and the
position of Eqy. [Note that if the step in the 7,(E) curve is
at Ecnp, AVy, should be close to zero even if Dy (E) is large.]
Since the value of Eqyy is not well known for AlGaN, quan-
titative analysis of C-V experimental data is very difficult.

On the other hand, the more important, from the practi-
cal point of view, temperature-induced shift of the C-V curve
(with a slight decrease in the slope as described in Sec. III A)
when Dy(E) is fixed is systematic, as shown in Fig. 10. The
thermal shift is negative and its absolute value is larger if D;
is higher. This is the direct consequence of the thermal
movement of the step in 7,(E) toward Ey, [Fig. 2(b)], which
enables deeper states to emit electrons so the value of Q; is
more positive at the threshold. Hence, our analysis confirms
that the thermal stability of V;, can also be used as a criterion
for high quality insulator/AlGaN interfaces.'”

D. Stretch out of the C-V curve in the structure with a
thin AlGaN layer

Analysis of the reasons for the peculiarity in the C-V
characteristics of the MISH structure suggests that it should
be possible to obtain the typical behavior by

(1) setting E at the SiN,/AlGaN interface above Ey, when
the gate bias approaches the threshold voltage and

(2) widening the energy range of the interface states effec-
tively emitting electrons.

The first can be achieved by thinning the AlGaN layer and
the second by increasing temperature. Therefore, we did
computations for a SiN,(5 nm)/AlGaN(5 nm)/GaN struc-
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FIG. 10. Theoretical C-V curves calculated at RT and 300 °C for the MISH structure with the interface state density distribution shown in Fig. 3(b) and for

Dy fixed at (a) 10'? and (b) 10" eV~! cm™,

ture [Fig. 11(a)] with a SiN,/AlGaN interface state density
distribution like that in Fig. 3(b) with D;,=5
X 10'2 eV~! cm™ at 300 °C. It is evident from Fig. 11(b)
that the classical stretch out of the C-V curve appears in this
case. The band diagram [Fig. 12(a)] demonstrates that E at
the SiN,/AlGaN interface is above Ey when V=V, and Fig.
12(b) shows that Q;, is sensitive to V near Vy,. However, Ep
is quite far from E, so the C-V behavior at RT is still pecu-
liar. The calculations indicate that the AIGaN thickness is a
more critical factor than that of SiN, regarding whether the
stretch out is observed, e.g., it 1is present in
SiN,(10 nm)/AlGaN(5 nm)/GaN but not in SiN.(5 nm)/
AlGaN(10 nm)/GaN. This result is important for devices
with an insulated recessed gate, which is promising for the
fabrication of normally off MISHFETs.'®

IV. COMPARISON TO EXPERIMENTAL RESULTS
A. Device fabrication

To test the theoretical model experimentally, we had
MISH devices fabricated on an Al ,5Gaj,5N/GaN/sapphire
wafer with a 25 nm modulation doped AlGaN layer provided
by Matsushita Electric Industrial Co. Ltd. [Fig. 13(a)]. Be-
fore processing, the sample was chemically cleaned in ac-
etone, ethanol, and water, and then the native oxide was re-
moved in a HF:H,O (1:5) solution. Next, the sample was

exposed to nitrogen radicals in a molecular beam epitaxy
(MBE) deposition chamber (the sample was kept at 300 °C,
the processing time was 10 min, and the radio frequency
source power was 350 W). A 1 nm Al layer was then depos-
ited on the sample, which was kept at RT, and the Al/AIGaN/
GaN system was annealed at 700 °C for 10 min in the MBE
chamber. This process produces a thin Al,O5 layer and im-
proves electronic and chemical properties of the AlGaN sur-
face by reducing the amount of defects related to nitrogen
vacancies and oxygen.5 > After this, the SiN, film was depos-
ited by the electron cyclotron resonance chemical vapor
deposition (ECR CVD) technique (the sample was at
260 °C, the power was 100 W, and the deposition rate was
about 10 nm/min) using SiH, and N, with a flow rate of 10
SCCM (SCCM denotes cubic centimeter per minute at STP),
proceeded by 1 min of ECR CVD N, plasma treatment in the
same chamber (the power was 50 W and the flow rate was 10
SCCM). We checked the thickness of the SiN, layer by el-
lipsometric measurements of Si control samples mounted
close to the AlGaN/GaN one and confirmed that it was ap-
proximately equal to 20 nm. Ohmic Ti/Al/Ti/Au contacts
were formed by photolithography, wet etching in a buffered
HF solution, metal layer deposition, lift-off, and rapid ther-
mal annealing in nitrogen at 800 °C for 1 min. Finally, cir-
cular Al/Au gate contacts with diameters from 200 to
500 wm were formed.

FIG. 11. (a) Another model structure used in the calcu-
T lations. (b) Theoretical C-V curves for MISH structures
like that in Fig. 11(a) without interface states (solid
line) and with a SiN,/AlGaN interface state density dis-
tribution like that in Fig. 3(b) with D;,=5
X102 eV~ cm™ (dashed line) at 300 °C. The region
of capacitance sensitivity to gate bias is marked.

T T T
(a) gate 600 | (b) 300°C / —=77
7
SiN, (5 nm) = 4
e Dyy=0
i-Al, 5Ga, 75N (5 nm) g 400
(=
_ (6]
i-GaN (3 um) 200 | 5x10'% eV'em™ ~
Ohmic contact /
0 L .
3 . -1 0 1
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FIG. 12. (a) Band diagram of a MISH capacitor like that in Fig. 11(a) calculated at a bias slightly above the threshold voltage at 300 °C. The SiN,/AlGaN
interface state density distribution was assumed to be like that in Fig. 3(b) with D;,=5X10'? eV~! cm. (b) Dependence of the SiN,/AlGaN interface state
charge (Q;) vs gate bias related to the dashed C-V curve from Fig. 11(b). The region of capacitance sensitivity to gate bias is marked as in Fig. 11(b) and the

threshold voltage (Vy,) is indicated.

B. Measurements and fitting to experimental data

We characterized the fabricated SiN,/Al,O3/AlGaN/
GaN devices by C-V measurements done at 100 kHz with an
HP 4192A LF impedance analyzer. During the experiment,
we kept the sample at RT or 300 °C in an evacuated cham-
ber with an MMR K-20 programable temperature controller.
The temperature was changed at a maximum rate of
10 °C/min. No thermal degradation of the devices was ob-
served after the high-temperature C-V measurements. To es-
timate the effects that the fixed charge in SiN, and the gate
metal barrier height had on the C-V curves, we measured and
analyzed a SiN,/Si MIS structure.

The experimental C-V characteristics for a voltage
sweep from 0 to —15 V are shown in Fig. 13(b) (circles and
squares) together with fitted theoretical curves (lines). The
hysteresis loop widths were 0.15 and 0.5 V at RT and
300 °C, respectively. To adjust the C-V slope in the thresh-

old region, we assumed the U-shaped D;(E) at the A1GaN/
GaN interface with D;,=10"" eV~! cm™ and with a shape
similar to that in Fig. 3(b). The background doping in GaN
and the fixed charge at the AIGaN/GaN interface were fitted
to be 4 X 10" cm™ and 8.5X 10'? g/cm?, respectively. The
capacitance between zero gate bias and Vy, is in good agree-
ment with the geometrical capacitance of a
SiN,(20 nm)/Al,O5(1 nm)/AlGaN(25 nm) system.

To fit the thermal shift of C-V curves, the continuous
D, (E) was assumed at the Al,05/AlGaN interface as in Fig.
13(c). Good fitting [Fig. 13(b)] was obtained for Dj
=10"" eV~! cm™. The deviation of the theoretical line from
the experimental data at RT for the gate voltage between —11
and —10.3 V can be caused by a non-U-shaped D;(E) or
some bulk levels in the actual MISH structure. The low value
of Dj should be interpreted carefully taking into account
that the thermal C-V shift is related only to the interface

(a) Au
50 T
Al
| (b) T

SIN, (~20 nm) ok © D, (eV em?)
Q @] 13 it
=3 = 10°F b
3 AlOg (1 nm) 3 i \ //
O [¢] —_
8 | AbasGag N (50m)| 8 5 30 \ /
& |n-ALGa, N(1smm)| & | O [ 1078\ 4

(N=2x1018cm®) 20 | \\

Al Ga, N (5 nm oo exp. data ~
b.255%76M (5 ) 10 theor. curves | g S~ 4
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FIG. 13. (a) Schematic diagram of the fabricated SiN,/Al,O3/ AlGaN/GaN structure. (b) Experimental C-V characteristics from the MISH capacitor measured
at RT (circles) and 300 °C (squares) and fitted theoretical curves (lines). (c) D;(E) assumed in the calculation of the best fitted curve. The part of D;(E)
actually determined from the fitting is shown by the bold solid line.
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states between Ep, at RT and the step in the 7,(E) curve at
300 °C [Fig. 2(b)], i.e., Ec—0.25 €V and E-—1.6 €V, re-
spectively [the bold part of the D;(E) curve in Fig. 13(c)].
Thus, the density of the interface states outside of this ener-
getic interval was not determined. Nevertheless, the good
thermal stability indicates the high electronic and chemical
quality of SiN,/Al,05/AlGaN system.

V. CONCLUSION

We performed systematic calculations and analysis of
theoretical C-V curves from SiN,/Alj,5Gay 75N/ GaN struc-
tures with various SiN, and AlGaN layer thicknesses, differ-
ent densities, and distributions of states at the SiN,/AlGaN
interface, Dy(E), at RT, 300 °C, and 500 °C, taking into
account the low rate of electron emission from deep interface
traps. We found and explained an unusual influence of the
electronic states at the SiN,/ AlGaN interface on C-V curves
at RT and 300 °C, i.e., a shift instead of a stretch out. The
interface-state-related shift of the threshold voltage Vy, is a
complicated function of the magnitude and the shape of the
energetic distribution of the state density and temperature.
On the other hand, the thermal shift of Vy, when Dy(E) is
fixed is systematic and at least semiquantitative analysis of
experimental C-V data is possible, although the studied en-
ergetic interval of D;(E) is limited. After the analysis of the
C-V peculiarity, we obtained the typical C-V curve stretch
out in a structure with a 5S-nm-thick AlGaN Ilayer at 300 °C.

We compared the calculation results to experimental data
from a SiN,/Al,03/AlGaN/GaN device. The good thermal
stability of the MISH capacitor indicated a low density of
states (10" eV-'cm™ at the minimum) at the
Al,O5/AlGaN interface and showed that a SiN,/Al,O3 bi-
layer is promising for use as a gate insulator and as a passi-
vating film for AIGaN/GaN-based MISH devices applied in
high-temperature, high-power electronics.
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