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We present an analysis method for GaN-based metal-insulator-semiconductor (MIS) devices by
using capacitance-frequency-temperature (C-f-T) mapping to evaluate the gate-control efficiency
and the interface state density, both exhibiting correlations with the linear-region intrinsic transcon-
ductance. The effectiveness of the method was exemplified by application to AIN/AlGaN/GaN
MIS devices to elucidate the properties of AIN-AlIGaN interfaces depending on their formation
processes. Using the C-f-T mapping, we extract the gate-bias-dependent activation energy with its
derivative giving the gate-control efficiency, from which we evaluate the AIN-AlGaN interface
state density through the Lehovec equivalent circuit in the DC limit. It is shown that the gate-
control efficiency and the interface state density have correlations with the linear-region intrinsic
transconductance, all depending on the interface formation processes. In addition, we give charac-
terization of the AIN-AlGaN interfaces by using X-ray photoelectron spectroscopy, in relation with

the results of the analysis. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901290]

I. INTRODUCTION

GaN-based metal-insulator-semiconductor (MIS) devices,
represented by AlGaN/GaN MIS heterojunction field-effect
transistors, have attracted much attention for their potential
uses in high-frequency and high-power applications. As a gate-
insulator of the MIS devices, high-dielectric-constant (high-k)
oxide materials, such as ALOs;,' HfO,*® and also high-k
nitride materials, such as AlN,‘Fg BN,9’10 have been investi-
gated. Owing to their high thermal conductivities, the nitride
materials are favorable also for passivation of GaN-based devi-
ces, exhibiting good heat release properties.*''™" Since con-
trolling insulator-semiconductor interfaces is critical for both
gate-insulator or passivation applications, it is important to
characterize and analyze the interface states. In fact, we
observe frequency dispersion in C-V characteristics of MIS
devices, attributed to electron trapping/detrapping at interface
mid-gap states leading to gate-control impediment. Such mid-
gap states in GaN-based devices have been characterized and
analyzed by conductance method,”*'*?' Terman method,****
photo-assisted C-V method,”** and deep level transient spec-
troscopy.”®?’ Although the conductance method is widely
used, there are difficulties in the analysis of deep interface
states with long trapping time constants® in MIS devices
based on wide-bandgap materials like GaN.®">' Also, the
analysis results obtained from the conductance method is
affected by the assumed value of the insulator capacitance.
Previously, as an extension of the conductance method, we
proposed a method using capacitance-frequency-temperature
(C-f-T) mapping’ obtained from the temperature-dependent
C-V-f characteristics for GaN-based MIS devices, based on the
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Lehovec equivalent circuit.** From constant-capacitance con-
tours, exhibiting a straight line behavior in the mapping, an
activation energy E, corresponding to an interface state energy
level can be extracted for a wide range of gate biases without
assuming any parameter. The C-f~T mapping helps us to under-
stand deep interface states in wide-bandgap MIS devices,
serving as an auxiliary tool to the conventional conductance
method.

In this article, by using C-f-T mapping, we present an
analysis method for GaN-based MIS devices to evaluate the
gate-control efficiency and the interface state density, both
exhibiting correlations with the linear-region intrinsic trans-
conductance. Employing AIN/AlIGaN/GaN MIS devices,
where the AIN gate insulator is sputtering-deposited, we elu-
cidate the properties of the AIN-AlGaN interfaces depending
on their formation processes to exemplify the effectiveness
of the method. Through characterizing the activation ener-
gies modulated by the gate biases, we obtain the gate-control
efficiency of the MIS devices, i.e., the ratio of the bandbend-
ing change in the semiconductor to the total gate voltage
change. Even though the Lehovec equivalent circuit is based
on an AC small-signal model, we find that its DC limit,
described by the insulator capacitance, the semiconductor ca-
pacitance, and the interface state density, gives the gate-
control efficiency. Therefore, we can evaluate the interface
state density from the experimentally obtained gate-control
efficiency, using the values of insulator and semiconductor
capacitances. From the activation energies corresponding to
a wide range of gate biases, we can obtain the gate-control
efficiency and the interface state density corresponding to
deep interface states in comparison with the conductance
method. Moreover, it is shown that the gate-control effi-
ciency and the interface state density have correlations with
the linear-region intrinsic transconductance, all depending

© 2014 AIP Publishing LLC
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on the interface formation processes. In addition, we give
characterization of the AIN-AlGaN interfaces by using
X-ray photoelectron spectroscopy (XPS), in relation with the
results of the analysis.

Il. DEVICE FABRICATION

We fabricated AIN/AlIGaN/GaN MIS transistors and MIS
capacitors simultaneously using an Alg,9Gag7;N (25 nm)/
GaN (3000nm) heterostructure obtained by metal-organic
vapor phase epitaxy on sapphire(0001). Hall-effect measure-
ments of the heterostructure show an as-grown electron
mobility ¢ ~ 1400 cm?/V-s and a sheet electron concentration
ng~1.0 x 10%cm ™2 On the heterostructure, Ti/Al/Ti/Au
Ohmic electrodes were formed and device isolation was
achieved by B implantation. To exemplify the effectiveness
of the analysis method, we employed AIN/AlIGaN/GaN MIS
devices with two types of the AIN-AlGaN interface formation
processes, by using two types of surface treatments of the
AlGaN before the AIN gate insulator deposition. The first
type surface treatment includes an organic cleaning by organic
solvents and oxygen plasma ashing, and an additional clean-
ing by an ammonium-based solution, ABS (with cleaning by
ABS). The second one includes only the organic cleaning,
without the additional cleaning (without cleaning by ABS).
The organic solvents and the oxygen plasma ashing were used
for removing organic contaminants, whereas the ABS was
used with the intention of oxide removal. While the devices
without cleaning by ABS were transferred to the sputtering
chamber within 15 min after the treatment, the ones with
cleaning by ABS were transferred within 5 min after the treat-
ment to prevent surface re-oxidation. An AIN gate insulator of
~ 19nm thickness was then deposited on the AlGaN surfaces
by RF magnetron sputtering at room temperature with an AIN
target in Ar-N, ambient. From Hall-effect measurements
after the AIN deposition, we obtain electron mobilities
1t~ 900 cm?/V-s and 1100cm?/V-s with sheet electron con-
centrations 7, ~ 6.5 X 10"2cm 2 and 7.0 x 10"?cm ™2, for the
devices with and without cleaning by ABS, respectively, sug-
gesting that the cleaning by ABS leads to further sputtering
damage. The formation of Ni/Au gate electrodes completed
the device fabrication. As illustrated in Fig. 1, the MIS transis-
tors have the gate length of 250 nm, the source-gate spacing
of 2 um, the gate-drain spacing of 3 um, and the gate width of
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50 um, while the MIS capacitors have the 100 um x 100 um
gate electrode surrounded by the Ohmic electrode.

lll. ANALYSIS BY USING CAPACITANCE-FREQUENCY-
TEMPERATURE MAPPING

We investigated the AIN/AIGaN/GaN MIS capacitors to
analyze the AIN-AlGaN interface states. We measured C-V-f
characteristics between the gate electrode and the grounded
Ohmic electrode surrounding the gate of the MIS capacitors at
temperatures from 150K to 393 K. Figure 2 shows the C-V-f
characteristics at 150K, 300K, and 393 K for the devices with
and without cleaning by ABS. At 393K, for both surface
treatments, we observe frequency dispersions at forward gate
biases, which are attributed to electron trapping/detrapping at
interface states, while the frequency dispersions disappear at
150K because of long trapping time constants. The device
with cleaning by ABS exhibits smaller frequency dispersions
at forward biases than the device without the cleaning, sug-
gesting that the cleaning is effective to suppress the frequency
dispersions caused by the interface states.

From the temperature-dependent C-V-f characteristics,
we obtain C-f-T mappings with contours for the devices with
and without cleaning by ABS as shown in Fig. 3, where the
gate voltages Vg are 0V, 1V, 2V, and 3 V. The contours ex-
hibit a straight line behavior, which can be explained by the
Lehovec small-signal equivalent circuit of MIS structures.
The equivalent circuit is depicted in Fig. 4 (left), which con-
sists of an interface state capacitance Cj, an interface state
conductance Gj, and an AlGaN capacitance CgaN in paral-
lel, with an AIN capacitance C oy connected in series. Using
the interface state density D; and the electron trapping time
constant T, we obtain>?

c— ¢*D; arctan(wt) 0
ot

and

. 2D1 1 2.2
ﬁqun(+wr{ @

w 2wt

where ¢ is the electron charge and w = 2nf is the angular fre-
quency, as the basis of the conductance method. Since the
total admittance of the equivalent circuit is

250 nm
2Mmﬁ3um AIN 19 nm 100um  AIN 19nm
| A
G
< D Ohmic Ohmic
AI~ZgGaO-71 N 25 m Al-nga0~71 N 25 m FIG. 1. Schematic cross sections of the
/:‘ "-\“‘ ’:.r" fabricated MIS transistors (left) and
_______________ -~ GaN 3000nm . .~ GaN 3000nm - MIS capacitors (right).
buffer buffer
sapphire(0001) sapphire(0001)
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FIG. 2. C-V-f characteristics at 150K, 300K, and 393 K, of the MIS capacitors with and without cleaning by ABS. Inset: 3-D plots of the C-V-f characteristics.

1 1 !
y-1_ (J P | ) G
zZ Canew G+ jCaiganw + jCi

with C; given by Eq. (1) and G;/w by Eq. (2) as functions of
only wt, the capacitance given by the imaginary part of the
total admittance, C =ImY/w, is a function of only wrt.
Therefore, a contour in the C-f-T mapping, i.e., C = constant
leading to wt=2xft =constant, exhibits a straight line
behavior expressed by f o< 1/17 o exp(—pE,). As a result,
we can extract activation energies E, corresponding to inter-
face state energy levels from the mappings.

Figure 5(a) shows the gate voltage dependence of E,
extracted from the contours in the C-f-T mappings, where E, is
illustrated in the band diagram shown in the inset. For both sur-
face treatments, the C-f-T mappings give activation energies for

a wide range of gate biases, being effective for characterization
of deep interface states. It should be noted that, even though
peaks of Gj/w as functions of the frequency used in the con-
ductance method are often not detectable because of being
located in the very low-frequency region due to long trapping
time constants, we can obtain the activation energies from the
contours in the C-f-T mappings. Since the small gate-voltage
change AV is divided into the bandbending change in the gate
insulator AIN, AV, and that in the semiconductor AlGaN/
GaN, —AE,/q, namely AVg ~A Vi — AE,/q, we obtain

——~ 1. 4
AV  A(4Vs) «

From the activation energies E, depending on the gate volt-
age Vg given in Fig. 5(a), we obtain the gate-control
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FIG. 3. C-f-T mappings with contours at gate voltages Vg of 0V, 1V, 2V, and 3V, of the MIS capacitors with and without cleaning by ABS.

efficiencies £ = —AE, /A(qVs) as shown in Fig. 5(b), i.e., the
ratio of the bandbending change in the semiconductor to the
total gate voltage change. In the AC case, a small-signal gate

JEAIN JEAIN
1 1

CAlGaN
L

Cacan | G Gi w—)IO _

115

FIG. 4. The Lehovec small-signal equivalent circuit of the MIS capacitors
and its DC limit.

voltage Auvg is divided into the bandbending in the gate insu-
lator AIN, Avagn, and that in the semiconductor AlIGaN/GaN
according to the equivalent circuit shown in Fig. 4 (left). The
ratio Avain/Avg is given by the ratio between the impedance
Zan=(C AlN(ufl and the total impedance Z, = ZaN
+ [Gi + j(Caigan + Ci)w]fl, expressed as

Avain _ZaN _ Gi/® + j(Caigan + Ci)
Avg  Ziow  Gi/o+ j(Can + Caigan + Ci)

&)

In the DC limit w — 0, we obtain C; — qui and G; /o — 0,
leading to the equivalent circuit shown in Fig. 4 (right), and

Avan  AVax  Cacnx +¢°Di
- = s—=1-¢  (6)
Avg AV Can + Caican + ¢°D;
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Using the designed values of Can =~ 610 nF/cm2 and
Calgan == 325 nF/cm2 (by separate experiments, it is con-
firmed that frequency dependence of them is insignificant),
gate-control efficiency & ~ 0.65 is obtained in the ideal limit

1 r
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5
o T
£ 067 ideal limit D, = 0 1
S
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FIG. 6. Calculated results of the gate-control efficiency ¢ as a function of
the interface state density D;.
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of D;=0, as indicated by the broken line in Fig. 5(b).
However, in reality, ¢ is smaller than the ideal value ~0.65
as shown in Fig. 5(b) owing to the non-zero D;. Figure 6
shows the calculated ¢ as a function of D; using Eq. (7).
Therefore, from the experimentally obtained gate-control
efficiencies ¢ in Fig. 5(b), we can evaluate the interface
state densities D; as shown in Fig. 7. We obtain D;
~10"-10% cm~2eV~" and = 10" cm2eV~! for the devices
with and without cleaning by ABS, respectively, for interface
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FIG. 8. Linear-region characteristics of the MIS transistors with and without
cleaning by ABS. (a) 9Ip/0Vpp and (b) I’ = 0gm0/0Vpo as an indicator of the
linear-region intrinsic transconductance g.,o, as functions of intrinsic gate
voltage Vgo.
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state energy levels = 1eV below the AlGaN conduction
band edge. While the conductance method was available
only for interface state energy levels <0.4eV below the
AlGaN conduction band edge,’ the C-f-T mapping method
enables us to analyze deeper interface states in wide-
bandgap MIS devices. Although the obtained D; for
=< 0.4eV below the AlGaN conduction band edge is smaller
than that by the conductance method, we suppose an overes-
timation by the conductance method with a leakage conduct-
ance. Since the real part of the admittance of the equivalent
circuit is modified by the leakage conductance,®® the result
of the conductance method, which mainly utilizes the real
part, is significantly influenced, whereas the present method
based on the imaginary part has immunity to the influence.
As shown in Fig. 7, the interface state densities increase with
the decrease in E, corresponding to the shallower interface
state energy levels near the AlGaN conduction band edge.
According to this, the gate-control efficiencies in Fig. 5(b)
decrease with decrease in E, owing to the high-density inter-
face states. The device with cleaning by ABS exhibits a bet-
ter gate-control efficiency and a lower interface state density
than the device without the cleaning; the cleaning is effective
for reduction of the interface state density and improvement
of the gate-control efficiency.

In the following, we consider transconductances of the
AIN/AlGaN/GaN MIS transistors in relation with the gate-
control efficiencies and the interface state densities. We
focus on the linear-region transconductances of the MIS
transistors because the gate-control efficiencies and the
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interface state densities are obtained from the MIS capaci-
tors, whose electric potential conditions are close to those in
the linear region of the MIS transistors. Moreover, it is nec-
essary to investigate the intrinsic transconductances of the
MIS transistors excluding the effects of source resistance Rg
and drain resistance Rp. With the source grounded, we define
the intrinsic gate voltage Vo= Vs — Rslp and the intrinsic
drain voltage Vpo=Vp — (Rs+Rp)lp, where I is the
drain current and Vp, is the drain voltage. Figure 8(a) shows
OIp/OVpy as functions of Vg in the linear region of the MIS
transistors. In Fig. 8(b), we plot

PIp  9gmo

I = =
OVpodVao  OVpo

®)

depending on Vg, as an indicator of the linear-region intrin-
sic transconductance g.,o. The device with cleaning by ABS
exhibits a lower peak I than the device without the cleaning,
owing to the larger sputtering damage, which reduces the
electron mobility and sheet electron concentration, leading
to the large sheet resistance. The shallower threshold voltage
for the device with cleaning by ABS is also attributed to the
larger damage. However, for the forward biases, the device
with cleaning by ABS exhibits higher I', owing to the better
gate-control efficiency and the lower interface state density.
Regarding Vg as the gate voltage in Fig. 5(a), we obtain
I' as functions of E, for the MIS transistors with and without
cleaning by ABS, as shown in Fig. 9(a). We find that the
intrinsic transconductances decrease with the decrease in E,,
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FIG. 9. Relations between I" and (a) the activation energy E,, (b) the gate-control efficiencies &, (c) the intrinsic gate voltage Vo, and (d) the interface state

densities D;, for the MIS devices with and without cleaning by ABS.
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owing to the high-density interface states near the AlGaN
conduction band edge. The device with cleaning by ABS
exhibits a larger I' than the device without the cleaning; the
cleaning is effective for improvement of the intrinsic trans-
conductance. The behaviors of the intrinsic transconductan-
ces in Fig. 9(a) have a close resemblance to those of the
gate-control efficiencies ¢ in Fig. 5(b). From the E,-depend-
ence of ¢ and I, we obtain the correlation shown in
Fig. 9(b); the intrinsic transconductances increase as the
gate-control efficiencies increase. For the low-I" (low-&) re-
gime, a linear relation between I" and ¢ is obtained by fitting,
as shown by the solid line in Fig. 9(b). Assuming a constant
mobility u, from its definition of Eq. (8), I is given by

CAlGaN
I — 1 Ogns) o Caican +¢*Di
Lg 0Vgoy Lg 1 1
Cain - Caican + ¢°Di
C C
H AlGaNC AIN M CalGaNE, )

" Lo Can + Cagan + D7 La

where Lg is the gate length. From this and the linear relation
between I and ¢ obtained by the fitting, we extract the
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— Ga0(Gaga) e llasa®O%
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mobility p~ 580 cm?/V-s using the values of Cjgan and Lg.
Applying this mobility, we can reproduce the relation
between I' and ¢ for low-I" regime as shown in Fig. 9(c).
This mobility is lower than those obtained by the Hall-effect
measurements after the AIN deposition, owing to significant
AlGaN-GaN interface roughness scattering™ at high sheet
electron concentrations corresponding to forward gate
biases. Moreover, the intrinsic transconductances are corre-
lated with the interface state densities D; in Fig. 7; from the
E,-dependence of I" and D;, we obtain the correlation shown
in Fig. 9(d), where the intrinsic transconductances decrease
with increase in the interface state densities.

IV. XPS CHARACTERIZATION OF AIN-AlGaN
INTERFACES

To investigate the origin of the properties depending on
the AIN-AlGaN interface formation processes, revealed by the
above analysis, we employed four samples illustrated in the
insets of Fig. 10, for XPS characterization of the AlGaN surfa-
ces and the AIN-AlGaN interfaces. The four samples were pre-
pared according to the device fabrication processes. Samples
(a) (AlGaN with ABS) and (b) (AlGaN without ABS) are the

(b) AIGaN without ABS

— Ga-N(Ga3d) ;. . /I.... 85
— GaO(Ga3d) oM’ Gasd™ ™

N2s lga-0/lgaza 19 % |
— 0O2s

0=35°

- Aly27Gag 73N 30 nm

GaN

Electron counts [a.u.]

24 22 20 18 16 14 12
Binding energy [eV]

(d) AIN/AIGaN without ABS

— GaN(Ga3d) | /1. g9
— Ga-O(Gadd) oM G

N2s Ga-0 /lGasd 18 % |
— 02s

0=35°

AIN 1 nm
Alg27Gag 73N 30 nm

Electron counts [a.u.]

28 24 22 20 18 16 14 12
Binding energy [eV]

FIG. 10. Ga3d, N2s, and O2s peaks measured at a take-off angle 0 =35° for the samples (a) AlGaN with ABS, (b) AlGaN without ABS, (c) AIN/AIGaN with
ABS, and (d) AIN/AIGaN without ABS, where /Ga-0/IGa3d (IGa-N/IGa3a) is the ratio of the integrated peak intensity of Ga-O (Ga-N) bonding component to that
of the total Ga3d peak. Insets: illustration of the samples for XPS characterization.
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AlGaN/GaN heterostructures treated by organic cleaning with
and without the additional cleaning by ABS for the AlGaN
surfaces, respectively. Samples (c) (AIN/AIGaN with ABS)
and (d) (AIN/AlIGaN without ABS) are obtained by AIN
~1nm deposition on the AlGaN surfaces treated by the proc-
esses of samples (a) and (b), respectively. The samples (a) and
(b) are for investigation of the AlGaN surfaces with different
treatments. On the other hand, the samples (c) and (d) are for
investigation of the AIN-AlGaN interfaces formed by the AIN
deposition on the AlGaN surfaces with different treatments,
their XPS spectra including information of not only the AIN
surfaces but also the AIN-AlGaN interfaces owing to the thin
AIN. All samples were introduced to the XPS chamber within
20 min after they were prepared, followed by XPS measure-
ments using take-off angles 0=25°-75°. Figure 10 shows
Ga3d, N2s, and O2s peaks measured at 0 =35°. The O2s peak
intensities increase for the samples (c) and (d) compared to
those for the samples (a) and (b), respectively, owing to natural
oxidation of the AIN. The Ga3d peaks are decomposed into
the Ga-O and Ga-N bondings. We obtain the ratio of the inte-
grated peak intensity of the Ga-O (Ga-N) bonding component

0.3 v T T T
-@- (a) AlGaN with ABS
~®- (b) AlGaN without ABS
3 02} -
©
O
o @
- 01 i .’_’H\’\./. J
0.0 b——ns —
0-3 v T T |. T
—A— (c) AIN/AIGaN with ABS
—4&— (d) AIN/AIGaN without ABS
8 02 1
m —
:(_r) A A\\_k s A
o A
[}
&8 A\A\A\A/A/A
0.1 f |

0.0 : - . . -
20 30 40 50 60 70 80
Take-off angle 6 [°]

FIG. 11. Iga-0/IGaza and Iga-n/IGaza at 0=25°-75° for the samples (a)
AlGaN with ABS, (b) AlGaN without ABS, (c) AIN/AIGaN with ABS, and
(d) AIN/AlGaN without ABS.

J. Appl. Phys. 116, 184507 (2014)

to that of the total Ga3d peak, IGa-0/IGazd (IGa-N/IGa3d)-
Although the Ga-N bonding components dominate the Ga3d
peaks, we can observe differences in Ig,-0/lga3a depending
on the treatments; the samples (a) and (c) exhibit smaller
IGa-O/IGa3d ~ 11-12 %, than IGa-O/IGa3d ~ 15-18% of the
samples (b) and (d). In Fig. 11, we show IG,-0/IGa3q for other
take-off angles also exhibiting smaller values for the samples
(a) and (c) than for the samples (b) and (d), respectively. The
AlGaN surface cleaning by ABS before the AIN deposition
removes the initial oxide layer, leading to less Ga-O bonding
and the lower interface state density, giving the better gate-
control efficiency and the higher intrinsic transconductance of
the MIS devices. These results indicate that, Ga-O bonding
plays an important role in the AIN-AlGaN interfaces, similarly
to the importance of Ga-O bonding in Al,O3-AlGaN
interfaces.™

V. CONCLUSION

We presented the analysis method by using the C-f~T map-
pings to evaluate the gate-control efficiencies and the interface
state densities for AIN/AIGaN/GaN MIS devices with different
formation processes of the AIN-AlGaN interfaces. From the
constant-capacitance contours in the mappings, we extracted
the gate-bias-dependent activation energies, whose derivative
gives the gate-control efficiencies. Considering the DC limit of
the Lehovec small-signal equivalent circuit and using the exper-
imentally obtained gate-control efficiencies, we evaluated the
interface state densities depending on the interface formation
processes for energy levels <1eV below the AlGaN conduc-
tion band edge. The analysis method by using C-f-T mapping
enables us to analyze deep interface states in wide-bandgap
MIS devices, in comparison with the conductance method.
Moreover, it was shown that the gate-control efficiencies and
the interface state densities have correlations with the linear-
region intrinsic transconductances, all depending on the inter-
face formation processes. In addition, we characterized the
AIN-AIGaN interfaces by using XPS, in relation with the
results of the analysis. It is indicated that Ga-O bonding plays
an important role in the AIN-AlGaN interfaces; removal of the
initial oxide layer leads to less Ga-O bonding, the lower inter-
face state density, the better gate-control efficiency, and the
higher intrinsic transconductance of the MIS devices.
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