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Abstract—In this work, the low frequency noise (LFN)
characteristics of Hydrogen-terminated diamond FETs are
investigated. Both generation-recombination (GR) noise
and flicker noise (1/f noise) are found to contribute to the
LFN spectrum. The characteristic frequency of fo1=0.1 Hz,
f02=30 Hz, f03=300 Hz and corresponding effective trap
density (Neff) of the GR centers are obtained. By changing
the LFN measurement temperature, a trap activation energy
level (Ea) 0f 0.12 eV is extracted from an Arrhenius plot. The
dominant mechanism of the 1/f noise for the H-terminated
diamond FETs follows the correlated mobility fluctuations
(CMF) model. By fitting the experimental data to the CMF
model, the trap density and scattering coefficient of the
carriers are extracted to be 6.4 x 102° ev-’cm and 4 x 10°
V-s/C. At last, the trap density of the H- terminated diamond
FETs is compared with other state-of-the-art GaN and Si
based devices. A moderate trap density was obtained
without any interface optimization, suggesting that H-
terminated diamond FETs could be a promising future
technology for power electronics.

Index Terms— Hydrogen-terminated,
frequency noise, FETS, traps, GR noise

diamond, low

|. Introduction

D IAMOND exhibits ultra-wide band gap, high breakdown
electric field, high hole and electron mobilities and
excellent thermal conductivity properties, which make it a
promising material for logic circuits, high power application
and ultraviolet optoelectronic fields[1-4]. Recently, the
Hydrogen (H)-terminated diamond field-effect transistors
(FETs) were fabricated and reported to show good device
performance including high power density [5-7],high operate
frequency [8, 9], and high optoelectronic responsivity [10, 11]
etc.

So far, a lot of work has been carried out on the fabrication
process to improve the H-terminated diamond transistor
performance and reliability. Several dielectric materials
deposited by different techniques are used to passivate the
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diamond surface or serve as gate dielectric, such as atomic layer
deposition (ALD) ALOs [12, 13], ALD-HfO, [14], sputter
deposition (SD) of TiO,[15], thermal evaporation of MoOs3[16],
and thermal oxidation TiOy [17]. It is found that by depositing
an Al,O; passivation layer, the sheet carrier concentration and
mobility remained almost unchanged at high operation
temperature, while the devices without Al>Os layer exhibit an
obvious carrier concentration decrease with temperature
changing, which means a high density of active traps are located
at the H-diamond surface [13, 18]. Several works have studied
the H-terminated diamond FET characteristics degradation
under hot-carrier stress. The observed changes in threshold
voltage (Vtu), on-resistance (Ron) and other device
characteristics confirm the presence of defects interacting with
the carriers during the bias stress. Defects at the gate/diamond
interface and/or the whole channel are found [19, 20]. As can
be seen from the above studies, the defects have strong effects
on the device performance and reliability. However, the details
of the defects in the H-terminated diamond have not been well
discussed.

The low frequency noise (LFN) spectroscopy is a powerful
method for analyzing the electrically active defects in the
semiconductor material. Noise related to the charge transport
fluctuations originate from carrier mobility fluctuations and
occupancy fluctuations of the defects such as interface states,
deep level centers, or border traps in the devices [21-23]. So, by
analyzing the LFN spectrum, one can estimate the density,
energy level, capture cross section, location and other
information of defects in the devices [22, 24]. Besides, the
device properties such as mobility (p) [25, 26], threshold
voltage (Vrtr) stability [27] of power transistors and the
detectivity (D*) of phototransistors [28] can be greatly affected
by noise behaviors. The LFN measurement would be a
guidance for device optimization and understanding the device
degradation mechanism. However, as far as we know, the low
frequency noise characteristics of H-terminated diamond FETs
has not been studied in great detail.
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In this work, H-terminated diamond FETSs are fabricated and
the low frequency noise spectrum of the devices are
investigated. The basic device characteristics, such as [-V, C-V,
carrier concentration and mobility are presented first. After that,
both generation-recombination (GR) noise and flicker noise (1/f
noise) are found to contribute to the LFN spectrum of H-
terminated diamond FETs. The characteristic frequency and
corresponding trap density of GR centers are obtained. The
LFN spectrum at different temperatures was measured and the
energy level of the GR centers is extracted. The dominant
mechanism of the 1/f noise for the H-terminated diamond FETs
is analyzed. The trap density at the gate/diamond interface and
the scattering coefficient to the carriers are evaluated by fitting
the experimental data to the correlated mobility fluctuations
(CMF) model. At last, the trap density of the H- terminated
diamond FETs is compared with other state-of-the-art GaN and
Si based devices.

Il. EXPERIMENT

A schematic of the H-terminated diamond transistors is
shown in Fig. 1(a). The devices were fabricated on the high-
quality homoepitaxial diamond film with thickness of 80 um
deposited by microwave plasma chemical vapor deposition
(Arids-300 type MPCVD system) on a single-crystal diamond
substrate from element-six company (4.5 x 4.5 x 0.5 mm?®).
Hydrogen plasma treatment was performed on the grown
diamond film at 900 -C for 15 min to produce 2-D hole gas
(2DHG) [10]. Au and Al are employed as ohmic and gate
contact, respectively. Details of the fabrication processes have
been reported preciously [10]. The gate length Lg, gate—source
distance Lgs, gate—drain distance Lgp and gate width /' of the
fabricated devices are 3.5 um, 1 pm, 4.5 pm and 50 pm,
respectively.

The transfer curves, output curves, C-V and carrier
concentration of a typical device are shown in Fig.1 (b-d). The
saturation output current density (/pssa) and threshold voltage
(Vth) of the devices are 80 mA/mm and -0.2 V (defined at a
drain current /p = 1 pA/mm). The drain current on/off ratio and
subthreshold slope (SS), which are mainly affected by the
interface state properties, were extracted to be around ~10'! and
70 mV, indicating a high-quality device interface. The extracted
hole density and mobility are 2.3%10' cm? and 120 cm?/V's ,
which are among the state-of-the-art H-terminated diamond
transistors [29-31]. Considering the low gate current in the
transfer curves and the capacitance plateau in the C-V curve at
forward bias voltage, a gate dielectric layer is supposed to exist
between the Al and diamond surface. To verify that,
transmission electron microscopy (TEM) was performed on the
sample. The result is shown in Fig. 2. It is obvious that there is
an interface layer of 7~8 nm between the Al and diamond
surface, which contains O and Al elements by—from energy
dispersive X-Ray spectroscopy (EDX) analysis. This interface
layer alse-hashas also been found in other literatures [32-34].

After that, low frequency noise measurements were carried
out using an Agilent E4727A in an air ambient condition in the
frequency range from 0.1 Hz to 1 kHz.
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Fig. 1. The (a) device structure schematic, (b) transfer curves in log
scale, (c) output characteristics and (d) C-V curves of the gate-source
diode and carrier concentration of the H-terminated diamond FETS.
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Fig. 2. The transmission electron mierescope-microscopy image of the GRI <
H-terminated diamond transistor. 10-24 " 2
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Ill. RESULTS AND DISCUSSION

Figure 3 shows the drain current low frequency noise power
spectral density (Sip) versus frequency (f) in log scale
corresponding with different gate bias (Vgs) at a drain voltage
of 0.1 V. S increases with the decrease of Vs first and then
remains almost constant when Vgs<-0.6 V. The dashed straight
line in Fig. 3 represents the 1/f slope, which is commonly
named as 1/f noise or flicker noise. The overall trend of Sip
variation with frequency conforms to 1/f. Besides that, it is
obvious that the noise spectra of the H-terminated diamond
FETs contain Lorentzian contributions, also known as
generation-recombination  (GR) noise. The frequency
dependence of the different contributions on the total noise Sip
can be written as follows [35, 36]:

An

Sip(f) =B+Kf/f+z %

=ty ( f )
foi

where B is related to the white noise level, K/f represents the

flicker noise and the third term of the equation presents a sum

of Lorentzian components, with Ag; the plateau value and foi the

characteristic frequency, corresponding with the peak value in
thef)( Sip plot.

In order to have—a—«¢learclearly see each Lorentzian
contribution, the frequency normalized Sip (/X Sip) relation with
frequency is calculated and the raw data and smoothed curves
are shown in Fig_.4. It is found that when |Vss[<0.25 V, two
Lorentzian contributions GR1 and GR2 are found located at a
frequency ef-foi= 300 Hz and f5,<0.1 Hz, respectively. When
|Ves[>0.3 'V, another Lorentzian contribution GR3 with
characteristic frequency fo3 at around 30 Hz begins to appear
and the amplitude of which increases with |Vgs| increasing. One
can observe that the fy1 and fo3 are constant with |Vgs| increasing,
suggesting that the related GR traps are in the diamond layer
(depletion region), and not in the gate stack [37]. Ard-bOn the
other hand, because of the low frequency limit of the equipment,
the accurate peak location of GR2 cannot be determined.

€y

Frequency (Hz)

Fig. 3. Drain current power spectral density S;p corresponding with
different Vgsin the ohmic regime.
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Fig. 4. Frequency normalized spectra fxSp derived from Fig. 3.

A. G-R contributions

To distinguish the 1/f and G-R contributions, the total noise
model expressed by equation (1) is used to fit the experimental
results. The fitting curves at two representative voltages of
Vas=0 V and -0.8 V are shown in Fig. 5. It can be seen that the
experimental results are well fitted by the total noise model. The
Ayi and corresponding fy; as a function of Vs are shown in Fig.6.
The Ag; of all three GR centers first increases with the increase
of |Vas|, and then shows a plateau. The effective trap density
(Negr) for the GR centers in the diamond channel can be
estimated from:

ng m2 N eff
=———7 T (2)

WLCqec
where g,, is the transconductance in each operation point, 7y;
is the GR center relaxation time constant that is defined as
1/(2nfoi) , g is the elementary charge, W and L is the device
width and gate length, C,. is the capacitance in accumulation
[38]. The effective trap density of the three GR centers changes
with [Vgs| as shown in Fig.6 (b). It can be observed that GR1
shows a low Nrr of ~10'> cm™. The Nerr of GR2 and GR3
gradually increases with Vs, indicating an increase of the trap
density with decreasing Fermi level at the gate/diamond

0i
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interface. This phenomenon is also found in GaN devices [39].
The obtained maximum Ns; values of GR2 and GR3 are
around 10'® and 10'° cm?.
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Fig. 5. The experimental and fitting curves of total noise model for Sip
and fxS)p at two representative voltages of Vgs=0 V and -0.8V.
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Fig. 6. (a) Lorentzian plateau value and (b) effective trap density of three
GR centers changing with [Vgs|.

The relaxation time constant 7; changes with temperature 7
as according to the Arrhenius law:
_eo (CY)
T = — —— 3)

YnonT

where v, = (Wen/TY?)(Ny/T?/?), vy, is the mean thermal
velocity, Ny is the effective states density in the valence band,
and oy, is the hole capture cross section. T is the absolute
temperature and £ is Boltzm ann’s constant. From the slope of the
evolution of In(7y; I?) versus 1/(kT) one can extract the trap
activation energy Ea=FEt-Ev. The physical nature of these traps
can be identified by comparing the energy and capture cross
section of the traps with data in the literature.

The fXSip curves at Vgs=-0.1V with different temperature are
shown in Fig. 7. Because the fp» is below the measurement
minimum frequency limit, and the fo3 is strongly influenced by
the GR1 and GR2 leading to a broad peak, the exact characteristic
frequency of them cannot be obtained. So, only the fy; change
with T of GR1 is performed. The Arrhenius diagram of GR1 is
plotted in Fig. 8. An activation energy Ea of 0.12 eV is derived,
which may relate to the H impurities in the diamond. The origin

of the GR1 needs to be further investigated by first principles
calculations and other methods.
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Fig. 7. Frequency normalized noise spectral density versus temperature
for the H-terminated diamond FETSs.
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FIG. 8 Arrhenius plots of the GR1 trap.

B. 1/f noise characteristics

By subtracting the Lorentzion contributions from the Sip, the
1/f noise curves are obtained. The 1/f noise fluctuation
mechanism in the H-terminated diamond FETs is discussed.

Three theories are proposed to explain the 1/f noise, namely
carrier number fluctuations (CNF), Hooge mobility fluctuations
(HMF) and correlated mobility fluctuations (CMF)[40] . In the
theory of carrier number fluctuations, which is proposed by
McWhorter in 1957 , the 1/f noise stems from the random
trapping and detrapping processes of charges near the
conduction interface [41]. The normalized noise power spectral
density(S;,/13) follows:

Sip I .S 4
=z S (4)
where g,,, is the transconductance, and Sy, is the flatband
voltage spectral density. By extension, the correlated mobility
fluctuations (CMF) contain the influence of the trapping
induced change on the mobility, associated with CNF, given by:

Sip Ip 1’ 97
1+ a:ueffcox — _12n ' SVfb (5)
Iml 13

7
where a is the scattering coefficient, u.r, is the effective
mobility, and C,, is the inversion capacitance density of the
gate dielectric. Assuming elastic tunneling to traps uniformly
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distributed in the gate dielectric [42], the Sy, is defined by:
qZkTANT
Svrp =W WLCLS (6)

where q is the elementary charge , A is the attenuation tunneling
parameter taken as 1x10® cm™, Ny is the trap density in the
gate dielectric[43]. The trapping and detrapping processes of
channel carriers influence the flat band voltage as described by
the equation of Sy z,.

In combination with the equation of S,,, the relationship
between S, and input referred gate noise spectra (Sy4) can be
equated as:

SID
SVg - 1+ a#effcox SVfb (7)
At strong mversmn, Syg can evolve into :
2
Syg = [1 + apterrCox (Vs — VTH)] “Svb ®

On the other hand, the HMF model, proposed by Hooge, is
related to intrinsic mobility fluctuations due to phonon
scattering probability fluctuations [44]. In the ohmic regime at
a drain voltage of 0.1 V, with the increase of Vs, according to
Hooge’s empirical model the equation of S;, can be expressed
as:

)

where ay is the Hooge parameter, N is the total number of
carriers in the channel; the value of aj can be utilized as a
parameter to compare the quality of channel materials with
respect to their susceptibility for generating LFN. The Hooge
parameter indicates the bulk effect which is relevant to the
manufacturing process of devices. In the strong inversion
region, the total number of carriers in the channel follows:

Vs — V.
N = |qu—TH| Cox (10)
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FIG. 9 Comparison between experimental normalized drain current
noise Sip/lp? versus Ip at 10 Hz with fitted CNF model and CMF model.
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The Sip/Ip? versus Ip curves at 10 Hz are shown in Fig.9. The
comparison between experimental normalized drain current
noise Sip/Ip? versus Ip with CNF model and CMF model is also
demonstrated. Obviously, the CMF model accounts well for the
noise variation across the whole range of current. In this way,
data points at a frequency of 2 Hz, 10 Hz and 70 Hz are analyzed
by the CMF model. Through fitting the plot of ,/S,; versus In/gm
by Eq. (8), Sy, and « are extracted and shown in Table I. The
a value is around 4 X 10° V-s/C, which is slightly higher than
observed in GaN ( 9.2x10* V.s/C) [45] and Si (6x10%~3x10*
V-s/C) [46] based devices.

Table 1. The value of SVfb and « at different frequency

Frequency Sy (VHz?) a (Vs/C) NT (eVicm?)
2Hz 9 x 10712 431 x 10° 6 x 102°
10 Hz 2.25x 10712 3.23 x 10° 7.5 x 102°
70 Hz 2.5x 10713 431 x 10° 5.8 x 10%°

And then the trap density Nt calculated using Equation (6) is
around 6.4 X 102° eV-2cm3. To have a clear comparation with
other semiconductor devices, a benchmark of the trap density
of H-terminated diamond FETSs and various state-of-art GaN
[39, 45, 47-50] and silicon CMOS [36, 46, 51] technologies
reported in the literature is shown in Fig.11 . The Nt obtained
in this study is comparable to some previously reported GaN
devices on sapphire substrate, suggesting that H-terminated
diamond FETs could be a promising future technology.
However, the Nt obtained in this study is worse than the
carefully optimized GaN devices and Si CMOS devices,
indicating further improvement on the interface quality of H-
diamond/gate metal and diamond surface is necessary for
performance improvement and high device reliability.
Passivation and surface treatment of diamond devices are still
the one of the most important issues that determine their
engineering applications.
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FIG. 11 Benchmarking of the mean trap density (Ny) for H-terminated
diamond FETSs of this work with state-of-the-art GaN-based, FDSOI and
CMOS technologies

IV. CONCLUSION

In conclusion, the low frequency noise characteristics of the
H-terminated diamond FETs are investigated. Both generation-
recombination (GR) noise and flicker noise (1/f noise) are found
to contribute to the LFN spectrum. Three GR contributions are
found with characteristic frequency of f,1<0.1 Hz, f,=30 Hz,
f03=300 Hz. The corresponding effective trap density of the GR
contributions are obtained. By changing the LFN measurement
temperature, a trap activation energy level of 0.12 eV is extracted
from an Arrhenius plot. The 1/f noise for the H-terminated
diamond FETs can be described by the correlated mobility
fluctuations model. In addition, the model parameters, Nt and a,
are extracted to be 6.4x10%° eV-'em™ and 4x10° V-s/C. The Nt
obtained in this study is comparable to some previously
reported GaN devices on sapphire substrate, but worse than the
carefully optimized GaN devices and Si CMOS devices. Further
passivation to the surface is preferred to improve the device
performance of the H-terminated diamond FETs.
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