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The interface state of hydrogen-terminated (C—H) diamond metal-oxide—semiconductor field-effect transistor (MOS-
FET) is critical for device performance. In this paper, we investigate the fixed charges and interface trap states in C—H
diamond MOSFETs by using different gate dielectric processes. The devices use Al,O3 as gate dielectrics that are de-
posited via atomic layer deposition (ALD) at 80 °C and 300 °C, respectively, and their C-V and I-V characteristics are
comparatively investigated. Mott—Schottky plots (1/ C2-V;) suggest that positive and negative fixed charges with low den-
sity of about 10!! cm~2 are located in the 80-°C- and 300-°C deposition Al,O3 films, respectively. The analyses of direct
current (DC)/pulsed -V and frequency-dependent conductance show that the shallow interface traps (0.46 eV-0.52 eV and
0.53 eV-0.56 eV above the valence band of diamond for the 80-°C and 300-°C deposition conditions, respectively) with
distinct density (7.8 x 1013 eV—1.em™2-8.5x 1013 eV—l.cm™2 and 2.2 x 1013 eV—!.cm=2-5.1 x 1013 eV—L.cm™2 for the
80-°C- and 300-°C-deposition conditions, respectively) are present at the Al,O3/C-H diamond interface. Dynamic pulsed
I-V and capacitance dispersion results indicate that the ALD Al,O3 technique with 300-°C deposition temperature has

higher stability for C-H diamond MOSFETs.

Keywords: diamond MOSFET, ALD temperature, pulsed /-V, interface trap, conductance method
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1. Introduction

The ultra-wide band gap semiconductor diamond,
due to its superior material properties, is considered
to be a remarkable candidate for high-power and high-
frequency applications.!'=3] Hydrogen-terminated (C-H) di-
amond, which has a negative electron affinity, forms a two-
dimensional hole gas (2DHG) surface channel regardless of
how high the activation energy associated with p-type dopants
is.[*l The conduction of the C—H diamond surface can be re-
alized by exposing it to the air adsorbates or overcoating it
with different oxides such as Al,O3 and transition metal ox-
ides (TMO). For these oxide materials, the empty electron
states below diamond’s valence band maximum (VBM) cap-
ture the electrons in the diamond surface, which results in the
upward band bending of VBM and the formation of the 2DHG
layer.?l Compared with high electron affinity insulators and
other high-k oxides,®! Al,03 forming by atomic layer depo-
sition (ALD) is considered as a promising gate insulator and
passivation layer for perusing high-performance C—H diamond
MOSFETSs. " Even so, the stability of device operation is
still a critical limitation for the Al,O3z-based C-H diamond

DOI: 10.1088/1674-1056/abd 749

FETs.!% Theoretically, there are no surface states in a com-
plete C—H diamond surface due to non-existence of dangling
bonds. For this reason, there has not been made much effort
devoted to the interface trap issues in C—H diamond. As a mat-
ter of fact, the gate dielectric Al,O3 deposition condition can
give rise to the traps at the interface. The trap-induced DC-
RF dispersion in diamond microwave device can restrict the
available current and output power of diamond MOSFETs. ]
Interface traps have been investigated for diamond MOSFETs
with ALD Al,O3 deposited below 200 °C.[!2] However, the
understanding of the Al,O3/C-H interface behavior for Al,O3
deposited at even higher temperatures is still limited.

Since the C—H bonds and adsorbates generating holes are
sensitive to factors such as environment and heat, the quality
of the Al,03 films deposited at different temperatures!!3 and
their relevant transistor behaviors have been reported.!'*! In
fact, the bond enthalpy of C-H is higher than those of C-C
and C-0,131 which means that the C—H bond itself is quite
stable. For the surface adsorbates, Al,O3 deposited at 80 °C
proved to be an effective solution to preserve air adsorption. [®!
However, it was shown that the adsorbate desorption occurs
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even at moderate temperatures (< 200 °C).!'%! Notably, it was
reported that a high-temperature (450 °C) ALD process could
also induce surface p-type conduction after the removal of air
adsorbates, during which the surface holes were regenerated
by the negative fixed charges in Al,03.!”-1 But the thin 450-
°C deposition Al O3 film is difficult to preserve new origins of

hole accumulation,[!7]

it may limit the further development of
the corresponding diamond MOSFETS in the high-frequency
application, where high aspect-ratio is required.('8! Recently,
the band offset of the 300-°C Al,O3 depositing on C-H dia-
mond claimed that this condition could also induce the p-type
diamond conduction,'! thus it is expected to achieve high
output-current diamond devices using the thin 300-°C ALD
grown Al,O3. Up to now, the significant interface proper-
ties of the C—H diamond MOSFETs with or without air ad-
sorbates have not been unveiled. In this paper, we find that the
fixed charges in Al,O3 films are much lower than the 2DHG
density. Our DC/pulsed /-V and frequency-dependent con-
ductance measurements show that the interface trap states of
the C—H diamond MOSFETsS can be effectively suppressed at
300 °C for ALD-Al,O3 deposition in comparison with those
deposited at 80 °C, which indicates that the ALD deposition
temperature is sufficiently high to achieve a high-quality inter-
face for C—H diamond.

2. Device fabrication and characterization

The C—H diamond MOSFETSs were fabricated on (100)-
The
substrates were prepared by using a strong acid solution

oriented type-Ila commercial diamond substrates.

(HNO3/H,S04), and the purpose of this process is to remove

(@)
.%o
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the nondiamond phase.!!! The surface hydrogen-termination
was realized by exposing the diamond surface to hydrogen
plasma at 850 °C for 20 min. Then, the samples were ex-
posed to the air for a few hours to induce a high conductive
2DHG channel in the diamond surface. The gold (Au) metals
were evaporated to protect the C—H diamond surface, after-
wards, the metals covering the non-device areas were etched
by using the potassium iodide (KI) solution. After exposing
the diamond surface to the oxygen plasma, the device isolation
was realized by replacing the C—H surface termination with the
high resistive C—O surface termination. Drain and source elec-
trode metals were formed by wet etching using KI solution.
A 10-nm-thick (confirmed by the ellipsometry) Al,O3 layer
was coated on the C—H surface through the ALD method using
Al(CH3)3 and H;O as precursors. For one sample, the ALD
deposition temperature was 80 °C and for the other sample, it
was 300 °C. Aluminum (Al) gate metal was formed by using
the thermal evaporation and lift-off process. The schematic di-
agrams of the fabrication processes are shown in Fig. 1. The
gate width (W) was 200 um and the gate lengths (Lg) were
0.1 um and 50 pum, respectively.

Figure 2 shows the top-view SEM pictures of the 0.1-pum-
Lg diamond devices. For the 0.1-um Lg devices, DC and
pulsed I-V curves were measured by using a Keithley 4200
semiconductor parameter analyzer. For the 50-um Lg Fat-
FET devices, besides the DC Igs—Vgs test, capacitance and
conductance measurements (ranging from 1 kHz to 1 MHz)
were performed by using an Agilent B1SO0A semiconductor
device analyzer. All measurements were conducted in a dark
environment at room temperature (300 K).

8
2DHG
(100) CVD diamond

(100) CVD diamond

(100) CVD diamond

(d)
Au |

(e) o 21203 (f)
[Au | Au rAu Au II Au

(100) CVD diamond

(100) CVD diamond

(100) CVD diamond

Fig. 1. C-H diamond MOSFET fabrication processes. (a) Hydrogen-termination treatment, (b) deposition of Au to protect H-terminated
diamond surface, and preparation of wet etching process of non-device areas, (c) device isolation by using oxygen plasma, (d) formation of
source and drain electrodes, (e) ALD deposition of Al,O3 as gate insulator and passivation layer, and (f) gate fabrication and lift-off.

Figure 3(a) shows the measured C-Vg characteristics of
the gate—source capacitance of the Fat-FET devices at | MHz.
The measured dielectric constants (¢) of Al,O3 under 80-
°C and 300-°C depositions are 8.75 and 6.78, respectively,
which are consistent with the reported values.**?!1 The in-

set of Fig. 3(a) shows the calculated hole sheet density (np)
versus gate voltage by integrating the C—Vg curve. The max-
imum 2DHG concentrations are 8.7 x 10'2 cm™2 (300 °C)
and 1.1 x 10'3 cm~2 (80 °C), respectively. The inset shows

that less channel holes exist in the 300 °C-deposition diamond
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device than in the 80-°C case, which is possibly due to the
fact that the conduction-related surface adsorbates of C—H di-
amond decrease with ALD deposition temperature increasing,
which was indicated by the reported high-resolution transmis-
sion electron microscopy (HRTEM) images.??! Furthermore,
the Mott—Schottky plot is shown in Fig. 3(b), from which the
flat band voltage (Vpp) was determined by linear extrapolation
of the 1/C?-Vg curves to the abscissa. The background accep-
tor concentration (Na) extracted from the linear slope**! are
1.1 x 10" cm™ and 2.2 x 10'* cm~? for 80 °C and 300 °C,
separately. The values suggest the high purity of the diamond
samples. Taking into account the difference in work function
between Al (4.3 eV) and C-H diamond (4.9 eV),**! the the-
oretical flat band voltage (Vrpg) was calculated to be 0.6 V.
As indicated in Fig. 3(b), the measured Vgg values for 80-°C
and 300-°C depositions were 0.42 V and 0.74 V, respectively.
According to Qox = Cox X (Ve — VEBo)/4¢, the fixed charges
in the oxide layer (Qox) were estimated to be 8.7 x 10! cm~2
(80 °C) and —5.9 x 10'! cm~2 (300 °C). The negative fixed
charges in the Al O3 deposited at 300 °C could be due to some
unoccupied levels in the bandgap of Al,O3 located near the
valence band edge of diamond.!*! The positive fixed charges
observed in the 80-°C deposition device may be attributed to
the oxygen vacancies in the oxide films.[>6]

(b)

Fig. 2. Topview SEM images of 0.1-um Lg: (a) 80-°C deposition device and
(b) 300-°C deposition device.

The DC tests (Ip_pc) show that both diamond de-
vices” maximum drain currents exceed —400 mA/mm (Lg =
0.1 um), the Ips—Vgs curve of the 80-°C and 300-°C deposi-
tion devices at Vpg = —8 V are shown in Fig. 4. Owing to the
higher dielectric constant of the 80-°C deposition ALD Al,03
film, the device has exhibited better subthreshold performance.
Pulsed I-V test is more effective than DC /-V measurement to
characterize the traps-related performances because of its dis-
continuous signal excitation. Comparatively speaking, there
is more severe current degradation in the 80-°C deposition
diamond device when it is operated in the pulse /-V mode
as shown in Fig. 5. Specifically, pulsed I-V (Ip_puise) mea-
surements are employed to characterize the response of trap
charging/discharging for the 0.1-um-Lg diamond MOSFETSs
(Vesq =5V, Vpsg = —8 V). If the time constant of the charged
traps is smaller than the pulse width, reduced holes and thus
reduced current will be observed due to insufficient time for

s.12"! Figure 6 shows the Ip_puise /Ip—DC

discharging from trap
characteristics measured at Vgs = —2 V and Vps = —6 V. Dur-
ing the measurements, the pulse period used is 1 ms and the
pulse width varies from 1 ps to 100 ps. For the 80-°C depo-
sition device, a much more serious current degradation is ob-
served, which suggests that it has more donor-like traps with
a time constant smaller than 100 ps. In addition, it is worth
noting that the drain current densities of the 300-°C deposition
device in this work is the highest in the reported C—H diamond
MOSFETs with 300-°C deposition ALD Al,03.[1419]

1.0

(a) 0 80-°C deposition
12 0 300-°C deposition
10 n,=JCdVg/e

0.8

0.6

0.4

Capacitance (pF/cm?)

0.2

\ O 80-°C deposition
0O 300-°C deposition

(1/C?) (10% cm*-F-2)

4

2

0

3 2 1 0o -1 -2 3
Ve (V)

Fig. 3. (a) C-V; and (b) l/Cz—VG characteristics of the Al,O3/C-H di-
amond capacitor measured at 1 MHz and room temperature (RT). Vg of
0.42 V and 0.74 V are measured at 80-°C and 300-°C depositions, respec-
tively, and Vipg of 0.6 V is the theoretical value, it is fitting with the formula
1/C* = (=2/g€geNp)(V — Vig +kT /e).

103

Vra=3.92 V,
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Fig. 4. DC Ips—Vgs curve of 80-°C and 300-°C deposition 0.1-um-Lg de-
vices at Vpg = —8 V.
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Fig. 5. DC and pulsed -V characteristics of (a) 80-°C and (b) 300-°C de-
position diamond MOSFETs. In pulsed /-V case, quiescent bias point is
selected at Vgsq =5 V, Vpsg = —8 V, and pulsed period and width are 1 ms
and 1 s, respectively.

1.0

0.9} 1 —9-300-°C deposition
00 °

Y
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= Il
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Q 0
= 0.4t Il
[«4
Z t
031 ; —90—80-"C deposition g
0.2 b— %99 ——
’ 0 20 40 60 80 100
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Fig. 6. Ratio of pulse current to DC current (Ip_pyise /Ip—pc) characteristics
of 80-°C and 300-°C deposition devices at Vgs = —2 V and Vps = —6 V,
with inset showing applied waveform during pulse /-V measurement.

3. The interface trap mapping by conductance
method

In general, emission, rather than capture, is the rate lim-
iting process./?®! Thus characterization of the trap emission
time constant (7j;) in diamond is crucial to the understanding
of the interior trap behaviors. The frequency-dependent con-
ductance method, proposed by Nicollian and Goetzberger, 8]
is used to determine the interface traps behavior. The inset
of Fig. 7 shows (a) the equivalent circuit of the measured
MOS structure, where C, and Gy, denote the measured capac-

itance and conductance, respectively; (b) the equivalent cir-

cuit of the MOS structure used for the conductance method,
where Ci; = gD;; is the interface trap capacitance when Dj; is
given in eV~!.cm™2, R represents the energy loss caused by
the capture-emission of carriers by interface trap, Ty = R;jCit
is the interface trap time constant; (c) the simplified circuit
with equivalent parallel conductance (Gy). In particular, series
resistance (Ry) is introduced into the equivalent circuit con-
sidering high contact and access resistance of C—H diamond

devices.[?9]

20
& a
E 15¢ g
E ~
2 -
% 10 >
) )
3 3
[=% (=%
) 9
1 1 1 d d 1 1 ] 0
105 106 107 104 105 106 107
w (s7h) w (s™h

Fig. 7. Experimental data (circles) and fitting curves (lines) of G,/ @ ~ @.
Plotted G,/ ~ @ results of the 80-°C (left) and 300-°C deposition (right)
devices are selected in their subthreshold bias regions. Inset shows (a) mea-
sured and [(b), (c)] equivalent circuits of MOS structure, correcting for series
resistance (Ry) of contact resistance and access resistance of diamond FETs.

The G,/ ® ~ @ characteristics at the selected voltages can

be determined from Cp, and Gy, 28! which can be expressed as

Gp _ 0G.C2, W
O G240 (Cox —C.)*’

where Cox of 0.78 pF/cm? and 0.60 pF/cm? were extracted
from the C-V5 characteristics of the 80-°C and 300-°C depo-

sition devices, respectively,

C
CC = 2m 27 (2)

(1—RyGm)” + (0RCrm)
_ 0’RCnC.— Gy

G. =
¢ RGn—1

3

with w = 27 f being the radial frequency, R; is the series re-
sistance and determined from
Gma

Ry=—— 2
G+ 02CE,

“

Here, Gy, and Gy, are the measured conductance and capaci-
tance in the accumulation mode. By assuming continuous in-
terface trap levels, G, /@ can be given by

% - %m 1+ (@57, )
where ¢ is the elemental charge, and Dj; denotes the trap den-
sity. Mapping of Dj and 7j can be achieved by fitting the
experimental G,/® ~ @ data through using Eq. (5) as shown
in Fig. 7. For Eq. (5), the peak point (G,/®)max is located at
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0T = 2, and Dy, correlated with (Gp/®)max equals (2.5/q)
(Gp/®)max. It can be seen that the measured conductance
peaks of the 80-°C deposition device are broader than those
predicted by Eq. (1), which was also observed in the non-
annealed MOSFETSs.*"! From Fig. 7, it can be seen that the
300-°C ALD process on the C—H diamond surface results in
the suppression of the oxide charge non-uniformities and a
higher interface quality. According to the Shockley—Read—
Hall (SRH) statistic model,!?®! the trap energy levels above
diamond valence band (Ej—Ey) can be deduced from the trap

time constant (7Tj;), which is written as
Ey—Ey = kT In (v OpNy Ty ) » (6)

where vy, is the thermal velocity, o, is the hole capture cross
section, and Ny is the effective density of states in diamond
valence band. By assigning 7 = 300 K, vy, = 1 x 107 cm/s,
op =4x 10713 cm™2, and Ny = 2.7 x 10! cm 3, figure 8(a)
shows the mapping results of the trap density distributions
and the corresponding energy levels, indicating that shallow
traps (Eiy — Ev = 0.46 eV-0.56 eV) exist in diamond devices.
Specifically, Dj in the 80-°C deposition device is in a range of
7.8 x 1013 eV~l.cm™2-8.5 x 10'3 eV~!.cm™? for an energy

10
(a) °‘0~0—o—o\°
ol
g (Gp/w)max at wr=2
Lol 00=@5/0E/wm
)
o
= )
:1/ o\
—~ 4F 0\
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= —@— 300-C deposition \
2tk *]
1 1 1 1 1 1
0.46 0.50 0.54 0.58

(Ei—Ev) (eV)

EV: 0 (b) _—____——‘7 0.44
""" . ) 99 this work
'QL > 0.48f 99
N L "]
1 S i~ °
z 0.52
W 1 g
9 . S‘ 0.56 9
> 2 .60 — o
o 10-6 10-5
B 3 Tit (8)
&3] 2
2, S
4 (@2
1 year
5 l op = 4X10713 cm—2
EC =55 1 1

level span of 0.46 eV-0.52 eV above the valence band of dia-
mond. The higher trap density in the 80-°C deposition device
is consistent with the results obtained from the above pulse
I-V analysis. The devices with high interface traps may suf-
fer the weak Fermi-level pinning (WFLP) effect, which will
make the majority of charges in the MOS capacitor accommo-
dated by interface traps, and cannot be found to operate as a
classic MOS capacitor.*!1 Notably, besides the depletion and
accumulation performances in the C-V curves (Fig. 3(a)), the
typical current—voltage on/off characteristics (Fig. 4) can be
observed for both devices. That is to say, the potential influ-
ence of the WFLP effect on our devices is generally accept-
able. For the 300-°C deposition device, Dy is in a range of
22 x 101 ev-l.em™2-5.1 x 1013 eV~l.cm™2, with the en-
ergy level span of 0.53 eV-0.56 eV above the valence band of
diamond. In fact, diamond material is expected to have deep

(121 According to the

energy level interface traps with long 7j;.
SRH model, relation between the detectable trap energy range
in the band gap of diamond (5.5 eV) and the correlated Tj; is
shown in Fig. 8(b). Notably, by using the conductance method
at RT, only a small part of the trap states in diamond can be
detected, and the calculated 7j; is around 1 year for the near-

midgap trap states even at 300 °C (the grey line).

1 1 1 -
1010 05 1020 1035 1050 1065 1080

Tit, (8)

Fig. 8. (a) Energy distributions of interface state density of Al,O3/C—H diamond structure, and (b) energy level Ej; versus trap emission time
constant T in diamond band gap at RT (orange line) and 300 °C (grey line).

Figure 9 shows the schematic of energy band of the cap-
turing process and emission process of the interface traps with
different trap energy levels above the valence band of dia-
mond (at the same gate voltage), and the red line and blue
line demonstrate the energy band of the 80-°C and 300-°C de-
position devices, respectively. Higher band up-bending of the
80-°C deposition suggests higher carrier concentration in the
2DHG channel, and it contains shallower energy level inter-
face traps (AET) while the trap density is higher. As shown in
Fig. 9(a), the interface traps capture the carriers when reduc-
ing V. Figure 9(b) indicates that the filled interface traps with

lower AET first emit the holes to the channel when increasing
VG, while those interface traps with higher AET are more diffi-
cult to emit the holes. The gate leakage current characteristics
of both Fat-FETs are shown in Fig. 10, it can be noted that the
Igs of the 80-°C deposition device begins to increase at the for-
ward bias, while the 300-°C deposition device maintains low
Igs in the total Vgs range. This can be attributed to the emis-
sion of the trapped holes into the gate electrode as suggested
by the Frenkel-Poole (FP) emission effect,[!*] since the de-
tected interface trap of the 80-°C deposition device is higher
than that of the 300-°C deposition device.
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Fig. 9. Schematic diagram of band diagrams of the capturing and emission
processes of Al,O3/C-H diamond interface traps, where red and blue lines
demonstrate the energy band of the 80-°C and 300-°C deposition devices,
respectively. (a) Trap capturing with Vi decreasing (hole accumulation),
and (b) trap emission with Vg increasing (hole depletion).
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Fig. 10. Gate leakage current of 50 um-Lg diamond MOSFETSs.

4. Conclusions and perspectives

In this paper, the comparative studies by using C-Vg and
pulse/DC I-V measurements are presented to characterize the
traps-induced current degradation in the C—H diamond MOS-
FETs at different Al,O3 deposition temperatures. The results
show that while a wide range of ALD deposition temperatures
can be used to fabricate diamond FETs with low gate leak-
age current and high drain current density, different trapped
charges can exist in the Al,O3 dielectric layer. Experimental
results show that 300-°C ALD grown Al,Os3 can be a suitable
gate dielectric and passivation layer solution for the prospec-
tive diamond power devices.
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