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SUMMARY A detailed investigation of DC and RF performance of
AlGaN/GaN HEMT on 3C-SiC/low resistive silicon (LR-Si) substrate by
introducing a thick GaN layer is reported in this paper. The hetero-epitaxial
growth is achieved by metal organic chemical vapor deposition (MOCVD)
on a commercially prepared 6-inch LR-Si substrate via a 3C-SiC inter-
mediate layer. The reported HEMT exhibited very low RF loss and ther-
mally stable amplifier characteristics with the introduction of a thick GaN
layer. The temperature-dependent small-signal and large-signal character-
istics verified the effectiveness of the thick GaN layer on LR-Si, especially
in reduction of RF loss even at high temperatures. In summary, a high
potential of the reported device is confirmed for microwave applications.
key words: AlGaN/GaN, high electron mobility transistor (HEMT), GaN-
on-Si, 3C-SiC intermediate layer, microwave amplifier

1. Introduction

AlGaN/GaN high electron mobility transistor (HEMT) tech-
nology is a growing area of research and development in
the field of microwave and millimeter-wave (mmW) appli-
cations due to its high power performance with high effi-
ciency resulting from high breakdown characteristics and
high electron saturation velocity [1]-[5]. For commoditiza-
tion progress of the AlGaN/GaN HEMT in the next gen-
eration wireless communication such as 5G evolution and
6G, an alternative solution of a substrate instead of SiC and
GaN substrates are strongly expected because of their high
production cost and unavailability in big size wafers. In the
context, a Si substrate is one of the most promising sub-
strates for epitaxial growth of AlIGaN/GaN heterostructure,
because of its cost effectiveness and commercial availabil-
ity in large-diameters [6]. However, in the case of Si sub-
strate, critical issues in epitaxial growth like high thermal
(33%) and lattice mismatch (17%) must be solved. Other-
wise, high-quality, crack-free thick GaN epi layers, directly
grown on Si cannot be realized.

A high resistivity Si (HR-Si) substrate has been com-
monly used for avoiding RF loss which results from a
high parasitic capacitance due to conductivity of the sub-
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strate [7]-[10]. However, at high temperatures, charge
carriers generate in the HR-Si which results in reduced re-
sistivity and increased substrate loss [11], [12]. In addition,
the manufacturing cost of GaN-on-HR-Si is higher than the
GaN on low-resistivity Si (LR-Si) substrate [13]. With in-
creasing development and interest in GaN-on-Si-based RF
technology, the influence of epitaxial structure on RF loss in
GaN-on-LR-Si becomes a crucial factor.

The GaN-on-Si devices, as above-mentioned, face the
problem of the low resistivity of Si substrates when we use
them in a microwave frequency due to a high parasitic ca-
pacitance which lead to RF leakage [9], [14]. In this regard,
a thick nitride layer can be an excellent solution to curb the
parasitic effect that generates from the low resistivity of the
Si substrate [14], [15]. In a previously reported work, a 9 um
thick buffer layer was achieved on Si using 7 um strained
layer superlattice (SLS) structure [16]. However, we need
to take care of reduction of leakage through the GaN-based
epitaxial layer because even GaN with the high band-gap,
an unintentionally-doped layer is n-type in many cases.

So far, it has been reported that a stable 3C-SiC inter-
mediate layer can be introduced in between GaN and Si to
suppress the crack generation and enhance the crystal qual-
ity of the GaN film on Si substrate [14], [17]-[20]. Owing
to the above fact, a thick nitride layer can be grown on Si by
introducing a 3C-SiC intermediate layer [14], [20].

In this paper, we have overviewed our AlGaN/GaN
HEMTSs on a 3C-SiC/low-resistivity Si substrate for mi-
crowave applications from viewpoints of electrical proper-
ties of AlGaN/GaN epitaxial structure (carrier density and
loss in microwave frequency), and DC characteristics and
microwave output power performance of the AlGaN/GaN
HEMT with their temperature dependency.

2. AlGaN/GaN Epitaxial Structure on 3C-SiC/Low-
Resistivity Si Substrate

AlGaN/GaN heterostructure was grown on a commer-
cially prepared 3C-SiC(111)/Czochralski(Cz)-Si(111) sub-
strate with a 6-inch diameter as shown in Fig. 1. The 3C-
SiC(111)/Czochralski(Cz)-Si (111) substrate consists of the
I-mm thick Si substrate with a resistivity of < 0.003 Q-cm
and the 1 um thick 3C-SiC layer grown on the Si substrate
by AIR WATER INC. with its original high-vacuum epitax-
ial growth system (VCE).

The AlGaN/GaN epitaxial layers, from the substrate
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up, consist of a III-N buffer layer containing aluminium, a
thick GaN layer (named as a thick GaN layer), and a 23-nm
thick AlGaN barrier layer with an Al composition of 26%.
The thick GaN layer has two regions depending on the ex-
istence or absence of intentional carbon-doping, which are
for high resistivity and high electron mobility, respectively.
The carbon doping concentration in the intentionally doped
region was <10'%/cm?, which was measured by secondary
ion mass spectroscopy (SIMS). The thickness of the GaN
area without carbon-doping was approximately one-tenth of
the total GaN layer thickness in the case of a 6-um thick
GaN layer. SORI index was stably controlled at less than
50 um to secure the chucking during the device process and
to reduce risk of cracking during the back-grinding and die
process. The crack-free AlGaN/GaN epitaxial heterostruc-
ture with edge exclusion of 5 mm was successfully obtained
on the 6-inch 3C-SiC/LR-Si substrate.

Van Der Pauw Hall measurement was carried out for
obtaining a mobility (u), a sheet carrier density (), and a
sheet resistance (Ry,) of the AIGaN/GaN heterostructure on
the 3C-SiC/LR-Si substrate with the 6-um thick GaN layer
with a 2-um III-N layer (totally 8 pm) at a temperature from
20 to 200 °C. For Hall measurement, the epitaxial wafer was
cut into 1 mm X 1 mm, and then Ti/Al/Ni/Au ohmic elec-
trodes were fabricated on the corners of the sample. Fig-
ures 2 (a)-(c) show temperature dependence of u, Ny, and Ry,

AlGaN barrier layer (23 nm)

Thick GaN layer

wrlQ'g-¢'€

111-N buffer layer

3C-SiC intermediate layer (1 pm)

6" Cz-Si Substrate (1 mm)

.

Fig.1 The epitaxial structure of AIGaN/GaN on 3C-SiC/Si.
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Fig.2  Temperature-dependent p (a), Ns (b), and Ry, ().
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respectively. At high temperatures, a significant increment
of phonon concentration causes increased scattering which
lowers the mobility and increases the sheet resistance of the
epitaxial structure significantly [21]-[23].

3. REF Loss of AlIGaN/GaN Epitaxial Structure on 3C-
SiC/Low-Resistivity Si Substrate

Loss of the AlIGaN/GaN heterostructure on the 3C-SiC/LR-
Si substrate was evaluated in the two ways, frequency de-
pendence of a capacitance of the electrode and a transmis-
sion line on the the GaN layer.

Firstly, for a study of loss in microwave frequency,
the capacitance generated under the electrode made of
Ti/Al/Ni/Au metal stack on the thick GaN layer was eval-
vated [14]. Here, a 300-nm thick surface region of the
AlGaN/GaN heterostructure was removed with reactive ion
etching (RIE), resulting in complete removal of a two di-
mensional electron gas generated at the interface between
AlGaN and GaN. The composition and size of the electrodes
fabricated for this study are the same as ones for a pad of the
drain electrode for GSG-probing.

Figure 3 shows S-parameters measured at a frequency
from 0.5 to 20 GHz with photo of the fabricated metal pads
(see Fig. 3 (a)) used for this experiment. Also, simulation re-
sults with a simple series-connection of a capacitance (Cp)
of 0.061 pF and resistance (R,) of 11.5 Q (see the Fig. 3 (b))
are plotted in the figure. When taking the value of Cy,, the ni-
tride layer thickness (d) was calculated using the following
equation,

Cpg = €2 (1)
pg = €0

where € is a permittivity of GaN and S, is the total elec-
trode area of 4.9x107> cm?. The calculated value of d using
Eq.(1) is 7.1 um. On the other hand, as the etching depth
was ~ 300 nm, the actual nitride layer thickness was 7.7 um
(=8.0 um — 300 nm). Hence, the pad measurement reason-
ably confirms the nitride layer thickness. It is also evident
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Fig.3  Si; of open pad structure in the frequency range of 0.5 to 20 GHz.
The inset: (a) shows the optical microscopic photo of the fabricated pads,
and (b) is the series CpR,, circuit for fitting.
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Fig.4 Si; of the open pad structures at 25, 75, and 125 °C in the fre-
quency range of 0.5 to 20 GHz.

Total nitride layer
Sample A : 8.0 pm
Sample B:3.2 um

Fig.5 Two epitaxial structure of AlIGaN/GaN HEMTsS by varying nitride
layer thickness, denoted by sample A, and B[15]. Inset: optical micro-
scopic photo of fabricated transmission lines.

that if we can increase the d, we can significantly reduce
the parasitic capacitances, thus improve the high-frequency
performance of the device.

Also, the loss at high temperatures up to 125 °C was
analyzed using the same electrode. Only negligible change
in S;; was observed as shown in Fig. 4, which may result in
small deterioration caused by extrinsic areas such as the pad
electrode out of an intrinsic transistor in an actual HEMT.
Moreover, it can be said that the thick nitride layer effi-
ciently suppressed the increment of charge carrier density
in the GaN based layers at a high temperature and there was
no evidence of RF leakage from the epitaxial layers of the
device.

Secondary, transmission line loss was quantitatively
evaluated as an attenuation constant. Here, we prepared two
kinds of samples with a different thickness of the total ni-
tride layer (8.0 and 3.2 um for samples A and B, respec-
tively) as shown in Fig.5. The transmission line with a fi-
nite length of 200 ym and a width of 120 um was composed
by a total 0.25 um thick metal stack (7)) of Ti/Au (50/200
nm). The optical microscopic snapshot of the designed and
fabricated transmission lines is showed in the inset of Fig. 5.
No backside ground plane was fabricated in all the samples,
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Fig.6  Fitting of measured Sy; (dB), Sp; (dB) and S;; (phase) with the
EM simulated result of sample A for 0.1 to 9 GHz frequency range [15].

Table1  Parameters of the used materials for the substrate definition used
for EM simulation.
Materials Thickness Relative Tans | Resistivity
(um) permittivity (Q-cm)
Nitride layers 8.0 10 0.05 -
3C-SiC 1.0 9.7 - 0.03
LR-Si 103 11.9 - 0.003
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Fig.7  Temperature-dependent loss evaluation of sample A and B for a
frequency of 2 and 9 GHz.

thus a metal stage of a wafer prober is assumed to act as the
ground plane.

The S-parameter measurements of the fabricated trans-
mission lines were carried out at a frequency up to 9 GHz.
The measured S-parameter of sample A is shown in Fig. 6.
For validation, EM simulation for sample A was carried
out with parameters shown in Table 1. Here, since 3C-SiC
and LR-Si were taken as semiconductors, no loss factor was
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defined instead of incorporation of a resistivity of 0.03 and
0.003 Q-cm, respectively. On the other hand, the equiva-
lent nitride layer was considered for all nitride based layers
as a dielectric layer with a uniform permittivity of 10 and
a dielectric loss tangent (Tand) of 0.05. The measured S-
parameters were in close fit with the EM simulated as shown
in Fig. 6.

In the case of an unmatched transmission line with a
specific impedance of Z to a system impedance of Z,, rela-
tionship between a propagation constant (y) of the transmis-
sion line and S-parameters are expressed as

L _ 285,
=82 +83, % \J(1+ 82, — 53,2 - 483,

2)

e

where y represented as y = a + jB[24], [25]. The real part
of y is an attenuation constant (@) and L is the length of the
transmission line.

Temperature-dependent loss evaluation of the trans-
mission lines were executed for both samples using S-
parameters measured at room temperature (RT), 75, and 125
°C. Sample B was for comparison purposes and to analyze
the effect of the thickest and thinnest nitride layer on 3C-
SiC/LR-Si. The attenuation constant («) of both the sam-
ples A and B calculated using Eq. (2) are depicted in Fig.7
at all three temperatures for 2 and 9 GHz frequency. It
is clearly observed that the increment of loss for sample
A from RT to 125 °C, is comparatively much lower than
sample B at both the frequencies. Therefore, it is further
confirmed that a thick nitride layer on GaN-on-3C-SiC/LR-
Si can minimize the transmission loss significantly even at
high temperatures. The above observation also corroborates
with Ref.[26], where it was reported that the temperature-
dependent loss evaluation by S-parameter measurements of
open pads in sample A showed very good thermal stability
for the temperature variation from RT to 125 °C.

4. Structure of AlGaN/GaN HEMTs on 3C-SiC/Low-
Resistivity Si Substrate

Figure 8 shows a cross-sectional structure of the

Fig.8 The schematic of cross-sectional structure of the fabricated
AlGaN/GaN HEMT on 3C-SiC/LR-Si.
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AlGaN/GaN HEMT on the 3C-SiC/LR-Si substrate. HEMT
fabrication process started with a mesa-isolation by a re-
active ion etching. Then, the source and the drain ohmic
electrode were formed by an evaporation and lift-off of
Ti/Al/Ni/Au, which were then alloyed at 850 °C in N, ambi-
ent using a rapid thermal annealing. A Ni/Au gate electrode
was also formed by the evaporation and lift-off technique.

The gate length (L, ) is 2.0 um, and both the source-gate
and gate-drain spacings (Ls; and Lgg) are 4.0 um. The gate
width of the device is 100 pm (= 2 fingers X 50 pm).

5. DC Characteristics of AlGaN/GaN HEMTs on 3C-
SiC/Low-Resistivity Si Substrate

Figure 9 (a) depicts static DC [4-Vys characteristics of the
fabricated Al1GaN/GaN HEMT on 3C-SiC/Si. The device
attained a drain current density (/) of 625 mA/mm at V, = 2
V. The 4 and gy, vs V, characteristics of the device are de-
picted in Fig.9(b), where the V, was swept from — 6 to
4V, keeping the drain bias Vy fixed at 10 V. A maximum
transconductance (gmmax) of 123 mS/mm at V, = — 1V
were attained. Good pinch-off characteristics (Ion/log ~
10°) with a threshold voltage (Vy,) of — 2.8 V were observed.
The measured leakage current was less than 1x 10> mA/mm
at V4 = 100 V and V, = —10V, obtained from the three ter-
minal breakdown voltage characteristics.
Temperature-dependent (from 25 to 125 °C) 13-V
characteristics at a Vg, of 2 V were shown in Fig. 10 (a), and
maximum drain current densities (/g max) and on resistances
dependent on the temperature were plotted in Fig. 10 (b).
When the temperature increases from from 25 to 125 °C, re-
duction of maximum current in 1.9 mA/mm/°C is observed
with a R, increased to 15 from 11 Q-mm. It is well-known
fact that a significant increment of phonon concentration
at high temperature causes increased scattering which low-
ers the mobility and increases the sheet resistance signifi-
cantly [21]-[23]. Because of the above fact a slight incre-
ment and decrement in R,, and I3 were observed, respec-
tively. In Fig.11(a) and (b), Iy and I, are plotted against
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Fig.9 (a) Static I3-Vy4 characteristics of the device where gate voltage
(Vg) was varied from =6 V to 2 V in 1 V increments. (b) I3 and gy vs Vg
characteristics of the device at V4 = 10 V and V,; was swept from -6 V to
4 V. The device dimension was Lgs/Lg/Lgq = 4/2/4 pm.
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V4, from which we observed that at high temperatures, the
off-state current characteristics was almost stable.
Temperature dependency of g, was also measured
as shown in Fig. 12(a). A gradual decrement of g, was
observed with increasing temperature. It is mainly be-
cause of degraded 2DEG mobility with temperatures due
to phonon scattering phenomenon, as discussed earlier [21].
In addition, electron saturation velocity also decreases at
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Fig.10  (a) Temperature-dependent /4-V characteristics at Vg = 2'V, and
(b) I4,max and Rop at 25, 50, 75, 100, and 125 °C. The device dimension was
Lgs/Lg/Lgg = 4/2/4 pm.
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high temperatures along with an increment in device non-
linearity [23]. For the above reason, peak transconductance
was reduced to 86 mS/mm and R,, was increased to 15 Q-
mm at 125 °C. In Fig. 12 (b), the values of peak transcon-
ductance gmmax at every temperature points were plotted.
However, the threshold voltages remained almost constant
over the temperature range because of the invariant 2DEG
density at AlIGaN/GaN interface even at high temperatures.
Negligible change in a Vi, was observed as shown in the
inset of Fig. 12 (b). It is reasonable because a sheet carrier
density (Ns) shows negligible change.

6. Microwave Performance of AlIGaN/GaN HEMTSs on
3C-SiC/Low-Resistivity Si Substrate

6.1 Small Signal Characteristics

Small-signal microwave characteristics of the HEMT was
measured using a on-wafer probe system. Figure 13 depicts
unity current gain (|H;|) and Mason’s unilateral gain (U)
depending on a frequency at Vg = 10 Vand V, = -1.0 V. A
cutoff frequency fr and maximum frequency of oscillation
(fmax) of the HEMT are 4.5 and 11.5 GHz, respectively.

As far as our investigation of a comparative analy-
sis of fr vs L, with previously reported results on GaN-
on-Si, GaN-on-SiC, GaN-on-SiC/Si and GaN-on-sapphire
substrates, the (fiax) of the HEMT is reasonable [27]-[43].
Therefore, reduction of the L, in our structure is expected to
reasonably lead a higher fr [14].

Figure 14 plots temperature dependence of fr and fiax
of the HEMT. The fr and fy.x were slightly deteriorated
with increasing temperatures, which are associated with de-
terioration of the electron mobility in the 2DEG likewise the
DC performance discussed in the above section.

Parameters of an equivalent circuit of a field-effect
transistor illustrated in Fig. 15[44] were extracted. Fig-
ure 16 compares g, values extracted from S-parameters us-
ing the equivalent circuit and measured in DC characteriza-
tion. The reason why the DC g, is slightly lower than g,
extracted from S-parameters is that the DC gy, is reduced
from an intrinsic g, by a source resistance. It is noted that

25 . .
= U o LgslLglLgd=4/2/4 pm
20| ° IH21] Vg=-1.0V
- °, e Vg=+10V
o 3
D15} g .
£
©
10}
© fmax=11.5 GHz
5} ]
0
107" 10?

Frequency (GHz)

Fig.13  Mason’s unilateral gain (U) and the current gain |Hj;| vs fre-
quency of the 2 um gate-length device where fr and fi.x are 4.5 and 11.5
GHz, respectively.
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Fig.16 A Comparison between extracted g, from S-parameters and
measured gm max in DC characterization with varying temperature.

degradation of the both g, are quite similar. If there was a
generation of charge carriers at high temperatures, the g,
extracted from S-parameters should have degraded much
more than the DC gy,. Therefore, we confirm that suppres-
sion of RF leakage at high temperatures was successfully
attained, which resulting in temperature stability [26].

6.2 Large Signal Characteristics at 2 GHz

Continuous-wave (CW) on-wafer microwave power mea-
surements were carried out under an input frequency of 2
GHz. The gate was biased at — 1.5 V which is for class A
amplifier operation and Vg4 was varied up to 30 V. Both an
input and output impedance were matched for an optimum
power added efficiency (PAE). Figure 17 plots the PAE, an
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Fig.17 CW power measurement at 2 GHz fundamental frequency of the
AlGaN/GaN HEMT with Ly of 2 um and Wy of 2 X 50 um. The biasing
condition for optimum PAE was V4 =22.5Vand Vg = - 1.5 V.
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Fig.18 Drain bias dependency of P,y and PAE where V4 was varied
from 10 to 30 V and V,; was — 1.5 V. The black line is the calculated Poy
from Eq. (3).

output power (Pqy), the gain depending on the input power
(P;n) at Vg = 22.5 V. A maximum PAE of 47% while de-
livering a P,y of 23.1 dBm with a maximum linear gain of
17.2 dB, was obtained. A drain efficiency was 51.5% un-
der this condition, which is almost similar to the theoretical
output efficiency of an ideal class A amplifier which is 50%.

Drain voltage dependency of PAE and P, is shown
in Fig. 18, where the P, and PAE were saturated at V4 of
22.5 V and start deteriorating beyond that. We assume that
current collapse beyond drain bias of 22.5 V is the reason
for the degradation of P, and PAE.

RF output power of a class A amplifier follows the fol-
lowing equation,

Paw = SAVDA, 3

Using this equation, the P, depending on the V3 was
calculated taking In.x as the drain current at V, = 0 V. Here,
we can roughly assume that the AVp is 2 X V4 and that the
Alp is a maximum drain current (/;,x). As represented in
Fig. 18, both the measured and calculated Py up to 22.5
V showed excellent comparability and continuity. On the
other hand, when increasing Vp, the PAE increases up to
22.5 V and got saturated. This PAE saturation even with
degraded P, over 22.5 V might result from the optimum
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Fig.19 A Comparison between evaluated Py, from temperature-
dependent load pull measurement and calculated Py from Eq. (3) at each
temperature point.

PAE matching for each biasing conditions.

Figure 19 shows temperature-dependent power perfor-
mance of the device evaluated at a fixed V4 of 22.5 V. The
temperature was varied from 25 to 125 °C. Also, we calcu-
lated P, at every temperature point using Eq. (3), where 4
at each temperature measured was used. The calculated Py
at each temperature point were also compared with the Py
measured from load pull, as depicted in Fig. 19. An excel-
lent comparability between the calculated and measured Py
strongly confirmed that the slightly degraded power per-
formance was strongly due to the temperature dependency
of DC performance. It further confirms that there was no
buffer or substrate leakage from the device and possibility of
charge carrier increment at high temperature could be also
eliminated.

7. Conclusions

From all the above mentioned results, we observed that the
presented AlGaN/GaN heterostructure on 3C-SiC/LR-Si at-
tained significant electrical properties by introducing a thick
GaN layer of 6.0 um. Excellent electron transport charac-
teristics confirmed the buffer quality of the epitaxial struc-
ture. The loss evaluation from electrode pad, transmission
lines, and EM simulation validated the fact that a thick ni-
tride layer is effective for minimizing the high frequency
loss through buffer layers even at high temperatures. Further
the temperature dependent DC characteristics also corrobo-
rated with the above fact. The remarkable competitiveness
of the temperature dependent small-signal and large-signal
performance also proved the potential of the device. Hence,
a thick GaN layer of 6.0 um can efficiently reduce the RF
loss in GaN-on-3C-SiC/LR-Si structure, attain good thermal
stability which establishes the presented device structure as
an outstanding candidate for microwave applications.
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