
1. INTRODUCTION

The device development of GaN, a wide bandgap semi-
conductor like SiC, is proceeding in expectation of char-
acteristics superior to those of conventional Si-based 
semiconductors. In particular, GaN-based field effect tran-
sistors (FETs) are able to operate at high power, high fre-
quencies and high temperatures, exhibiting various excel-
lent performance indexes 1)~3). In contrast to conventional 
Si devices, those based on wide bandgap semiconduc-
tors such as SiC and GaN offer significantly better perfor-
mance overcoming the so-called “silicon limit”, so that it 
is expected that they can realize high-performance power 
supplies in terms of low power loss, compactness and 
high efficiency, which was unachievable with conventional 
Si devices.

With respect to epitaxial growth of GaN, recent 
advancement in crystal growth technology has made it 
possible to use Si for the substrate, thereby achieving 
crystal growth of thick epitaxial layers on large diameter 
Si wafers, which has been difficult conventionally. 
Introducing an MOCVD (Metal Organic Chemical Vapor 
Deposition) machine capable of multi-wafer crystal growth 
using 4-in Si wafers, we have been investigating the crys-
tal growth technology. In this paper, experimental results 
of GaN epitaxial layer growth on a 4-in Si wafer for high-
breakdown voltage devices will be presented.

Fabrication of relatively large-area devices is needed to 

demonstrate the potential of a power device in general. In 
the case of HFETs on Si substrate, however, in contrast to 
in the case of sapphire substrate, it is essential to reduce 
the leak current in the buffer layer so as to realize a device 
with a high breakdown voltage, and this requires some 
inventive processing techniques. With regard to current 
enhancement, we have applied our unique structure to 
the electrode, thereby achieving good large-current per-
formance 6). In terms of breakdown voltage performance, 
thick epitaxial layers of high resistance based on carbon 
doping were used, and, simultaneously, a deep mesa 
structure was formed by dry etching to achieve high out-
put power.

On the other hand, the AlGaN/GaN HFET offers a high-
output, high-switching-speed device taking advantage of 
its high-mobility, high-density, two-dimensional electron 
gas layer formed on the interface, and the device is under 
development. However, suppression of current collapse is 
essential for practical use of GaN HFETs. Several research 
institutes have so far reported on the effects of application 
of a field plate (FP) structure and so on to suppress the 
current collapse 4), 5). In this paper, current collapse has 
been evaluated for the HFETs with different substrates 
and structures.

2. RESULTS AND DISCUSSION

2.1 Results of Epitaxial Layer Growth on 4-in Si Wafer
In the past, we used 2-in Si (111) wafer for epitaxial 
growth, whereby a GaN/AlGaN HFET structure was 
formed on a buffer layer to obtain breakdown voltages in 

Epitaxial growth technology for GaN devices on large-diameter Si substrate has 
been studied in this paper, which is essential for device cost reduction. In an 

effort to improve the buffer breakdown voltage for increasing the breakdown voltage of the 
device, carbon concentration in the GaN layer is controlled to find that the carbon concentration 
significantly contributed to buffer breakdown voltage improvements. Device performance is 
evaluated for the devices with an AlGaN/GaN HFET structure on Si substrate, and it is shown 
that the performance was equivalent to that of the device on sapphire substrate. A large-area 
device having this structure is fabricated in order to confirm its potential as a power device, and 
a current capacity of 120 A or more and a breakdown voltage of 1.3 kV has been achieved. On 
the other hand, with respect to the problematical issue of current collapse in GaN HFETs, the 
HFET structure on Si substrate has resulted in a significant improvement compared with the 
structure on sapphire substrate, thus realizing a high-performance device that does not show a 
salient current collapse up to 900 V.
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ers caused possibly by nitrogen vacancies, which result-
ed in the degradation in breakdown voltage. Accordingly 
we tried to compensate for the nitrogen vacancies by pro-
actively using a dopant. Carbon, one of the candidate 
dopants, is expected to show a small coefficient of diffu-
sion in GaN, so that, if suitable growth conditions are 
selected, it can be used as a dopant provided with superi-
or diffusion controllability in the depth direction. Figure 4 
shows the schematic of a sample device for breakdown 
voltage measurement of the buffer layer. In the experi-
ment, by changing the growth conditions, GaN layers with 
different carbon concentrations were grown on the buffer 
layer, on which a high-concentration n-GaN layer was 
grown to form an ohmic contact. A device for breakdown 
voltage measurement was formed by etching the n-GaN 
layer between the electrodes. Figure 5 shows the break-
down voltage of buffer layer versus carbon concentration 
in the i-GaN layer estimated by SIMS. The distance 
between the electrodes was kept at 10 μm to facilitate 
comparison. Auto-doping of carbon was carried out by 

excess of 400 V 7). But since use of large-sized wafers is 
indispensable for reducing the device cost, we have 
recently introduced an MOCVD machine capable of pro-
cessing five 4-in wafers at a time, and have since been 
investigating epitaxial growth using 4-in Si (111) wafer 
and TMGa, TMA1, and NH3 gases 8).

Figure 1 shows the AFM observation result of a surface 
after growth. It is seen that a crack-free smooth surface is 
obtained in spite of the use of 4-in Si wafer. The surface 
has an RMS roughness of 0.54 nm, and terraces due to 
atomic step can be observed. Figure 2 shows the results 
of thickness distribution evaluation for GaN epitaxial layer 
on 4-in Si wafer, in which evaluation is done in two direc-
tions, vertical and horizontal, with respect to orientation 
flat (OF). The index of distribution is calculated, by divid-
ing the standard deviation by the average, to be 2.9%. 
Figure 3 shows a comparison of GaN layer thickness 
between 4-in Si wafers. Excellent wafer-to-wafer distribu-
tion is obtained with a distribution index of 0.5 % or lower. 
As mentioned above, it may be concluded that the epitax-
ial growth conditions developed here have characteristics 
sufficient to realize high throughput.

It is thought that there are two crucial factors in improv-
ing the breakdown voltage of the device. One is enhance-
ment of the resistance of epitaxial layers including the 
buffer layer, and the other is increasing the thickness of 
epitaxial layers. Whereas the breakdown voltage for buffer 
layers conventionally obtained using the 2-in machine 
was 500 V or higher, the same layer structure formed on a 
4-in wafer was found to result in a problematic value of 
approximately 200 V. We investigated the cause of the 
breakdown voltage decrease, and it was suggested that a 
leak current was generated due to the existence of carri-
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Figure 1 AFM image of GaN epitaxial layer on a 4-in Si wafer.
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Figure 2 Thickness distributions of GaN layers on a 4-in Si wafer.
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Figure 3 Comparison of GaN layer thickness among 4-in Si wafers.
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Figure 4 Schematic of GaN-based epitaxial layer sample for 
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Figure 5 Breakdown voltage versus carbon concentration.
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breakdown voltage for various layer thicknesses, showing 
that the maximum breakdown voltage improves virtually 
in a linear relationship as the total thickness of epitaxial 
layers increases. Thus it was decided to proceed to 
device fabrication and characteristics evaluation based on 
the investigation results mentioned above.

2.2 Evaluation Results of Device Characteristics
Epitaxial layers of AlGaN/GaN HFET structure were fabri-
cated on a Si (111) substrate by means of MOCVD, and 
comparisons were made with those formed on a C-face 
sapphire substrate. Prototyping of devices was carried 
out using chlorine-based ICP (Inductively Coupled 
Plasma) equipment to form mesa structure, the sputtering 
method to form electrodes, and the PCVD (Plasma 
Chemical Vapor Deposition) method to deposit SiO2 as a 
passivation layer and an inter-layer insulation layer. Figure 
8 shows the photograph of a 4-in Si wafer with GaN epi-
taxial layers after processing of mesa etching and elec-
trode forming. Since the wafer shows less significant war-
page making the epitaxial layers suitable for post-pro-
cessing, it is possible to process the 4-in wafer intact in a 
circular shape. Figure 9 shows the device structure 
formed on Si wafer prototyped here, in which a deep 
mesa is formed to reach the Si substrate to improve the 
breakdown voltage, and the fingers are plated to reduce 
the electrode resistance. 

Devices were fabricated using epitaxial layers with dif-
ferent thicknesses. Figure 10 shows the DC characteris-

controlling the growth conditions. It can be seen that the 
carbon concentration is controlled from 1016 cm-3 to near 
1019 cm-3, and that the breakdown voltage increases 
depending on the carbon concentration. As the result, it 
has been shown that breakdown voltages in excess of 
800 V can be obtained.

In order to increase the total thickness of epitaxial lay-
ers, on the other hand, it is required to devise suitable 
growth conditions and structures so that epitaxial layers 
with minimized crack and warpage can be obtained. We 
have optimized the conditions based on AlN/GaN struc-
ture, thereby succeeding in realizing a maximum total 
thickness of 5.2 μm. Figure 6 shows the evaluation results 
of breakdown voltage versus electrode distance. As can 
be seen, in the case of total epitaxial layer thickness of 
2.3 μm, the breakdown voltage increases as the electrode 
distance increases up to 20 μm, achieving a maximum 
value of 800 V. Above 20 μm, however, the breakdown 
voltage remains unchanged showing a tendency to satu-
rate. In the case of 5.2-μm thick epitaxial layers, the 
breakdown voltage also increases with increasing elec-
trode distance, reaching 1,700 V or higher at an electrode 
distance of 30 μm, above which a tendency to saturate 
can be seen. To summarize, we may conclude that the 
breakdown voltage of epitaxial layers improves with 
increasing layer thickness. Figure 7 plots the maximum 
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Figure 6 Dependence of breakdown voltage on electrode dis-
tance for different total epitaxial thicknesses.
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Figure 7 Dependence of breakdown voltage on total epitaxial 
layer thickness.
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Figure 9 Schematic of HFET device structure on Si substrate.
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Figure 13 plots the gate-drain breakdown voltage with 
respect to Lgd, of devices with different epitaxial layer 
thicknesses. Whereas the breakdown voltage shows a 
tendency to saturate at about 1,100 V in the case of epi-
taxial layer thickness of 3.5 μm, in the case of the 5.2-μm 
thickness, the voltage tends to saturate above Lgd = 
15 μm reaching 1,500 V or higher. And, in both cases, it is 
seen that the relationship is close to a linear line of 

tics of the devices. Figure 10 (a) shows the results for the 
device on sapphire substrate and Figure 10 (b) on Si sub-
strate. The parameters for the devices evaluated here are 
as follows: total thickness of epitaxial layers on Si sub-
strate is 3.5 μm; sheet resistance for the both substrates 
is about 500 Ω/□; gate width Wg = 200 μm; gate length 
Lg = 2 μm; and gate-to-drain distance Lgd = 10 μm. In the 
case of the device on Si substrate, it was shown that the 
current at a gate-to-source voltage Vgs = 1V was 
350 mA/mm or more, and the on-resistance was 
10.4 Ωmm, a satisfactory value. In the case of the device 
on sapphire substrate, comparable results were obtained 
for the current and on-resistance. Meanwhile, Figure 11 
shows the results for the 5.2-μm epitaxial layers on Si 
substrate with Lgd = 15 μm. The on-resistance is some-
what larger--13.4 Ωmm, which may be attributed to the 
fact that the sheet resistance--630 Ω/□--is somewhat 
higher than that of the epitaxial layers in Figure 10. 

The devices with different Lgd values fabricated on Si 
substrate were evaluated for their gate-drain breakdown 
voltage. The evaluation was carried out using Flourinert to 
prevent creeping discharge, and with the electric potential 
of the substrate floating. Figure 12 shows the results for 
5.2-μm thick epitaxial layers. The breakdown voltage 
increases as Lgd increases from 5 μm through 10 μm to 
15 μm, reaching 1,500 V or higher at 15 μm. But at Lgd = 
20 μm the breakdown voltage showed a tendency to satu-
rate at 1,630 V. Since the breakdown voltage of the buffer 
layer of these epitaxial layers was around 1,700 V, it was 
shown that the gate-drain breakdown voltage was limited 
by the breakdown voltage of the buffer layer. 
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Figure 10 (a) DC characteristics of AlGaN/GaN HFET on sap-
phire substrate.
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Figure 10 (b) DC characteristics of AlGaN/GaN HFET on Si substrate.
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Figure 11 DC characteristics of HFET using 5.2-μm epitaxial 
layer on Si substrate.
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largest-ever value among the characteristics of high-pow-
er GaN HFETs on Si substrate ever achieved. 

The device was mounted in a TO-220 package to be 
evaluated for the current-voltage characteristics. Figure 
16 shows the results of drain current-voltage characteris-
tics measurement for a device with Wg = 340 mm and Lgd 
= 15 μm, with changing Vgs from 2 V to -3 V. From the 
Figure superior current-voltage characteristics can be 
seen, and the maximum current of 120 A was obtained at 
Vgs = 2 V. Meanwhile, the on-resistance was 51 mΩ 
(5.2 mΩcm2 when normalized by area).

2.3 Evaluation Results of Current Collapse 
Characteristics

Having demonstrated the device with a sufficient break-
down voltage, we moved to evaluate current collapse 
characteristics. For evaluation of current collapse, the so-
called “pulse collapse method” has been used 4). Although 
this method allows for on-wafer evaluation, it is somewhat 
complicated in that the matching resistance has to be 
changed to suit the device size, and so on. In order to 
establish a convenient measurement method for current 
collapse characteristics, we studied measurement meth-
odology. Figure 17 illustrates the technique employed, in 
which the current collapse quantity is defined as the value 
of Ron_af/Ron_bf, where measurement is made to obtain 
initial on-resistance Ron_bf, off-state, and on-resistance 
Ron_af, in this order. First, both the on-wafer measurement 
and pulse collapse measurement methods were applied 
to the same device, and measurement conditions were 
optimized in order to obtain good correlation with the 
pulse collapse method. Since the conditions are strongly 
influenced by off-stress time T_off, experiments were car-
ried out with various off-stress times, and as a result, it 
was found that T_off = 10 sec resulted in best agreement 
with the pulse collapse method. Figure 18 shows the cor-
relation between the two methods, in which measurement 
was made with T_off = 10 sec. It can be seen that the 
pulse collapse method on the longitudinal axis has a lin-
ear relationship with respect to the on-wafer method on 
the lateral axis. From the above results we may say that a 
good correlation is established with the pulse collapse 
method, so that it has been decided to use hereafter this 
condition as an on-wafer current collapse evaluation tech-
nique.

Figure 19 shows the evaluation results of current col-

approximately 1.0 MV/cm, up to Lgd = 10 μm. 
Next the results of formation of large-area devices will 

be presented. Figure 14 shows the photo of a large-area 
device fabricated here. Fingers are formed near the cen-
ter, and pads for wire bonding are formed above and 
below. The size of finger area is 6.8 mm×1.5 mm. 

The device mentioned above was evaluated for electri-
cal characteristics. Figure 15 shows the measurement 
results of gate-drain breakdown voltage, in which a device 
with Wg = 340 mm and Lgd = 15 μm was evaluated. The 
measurement was carried out as on-wafer, so that a 
Fluorinert† immersion environment was used to prevent 
creeping discharge. A breakdown voltage of 1.3 kV was 
obtained at Vgs = -6 V. This result is recognized as the 
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Figure 14 Photograph of HFET large-area device. (Wg = 340 mm)
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In the case of 5.2 μm, it remained at about 1.6 times up to 
900 V, followed by a breakdown at 950 V. These results 
suggest that although breakdown voltage rises with 
increasing epitaxial layer thickness, current collapse also 
increases. If current collapse increases with increasing 
layer thickness as has been suggested, it is thought, 
some improvements must be made in order to resolve the 
tradeoff between epitaxial layer thickening for breakdown 
voltage enhancement and current collapse improvement. 
Here, field plate (FP) structure is generally considered as 
a measure for improving current collapse. Figure 20 
shows its schematic. When a device has no FP structure, 
the electric field tends to concentrate on the drain-side 
end of the gate electrode. When the FP structure is 
employed, it comes in a structure such that the gate elec-
trode is elongated to the drain side (i.e., G-FP), or the 
source electrode is extended to the drain side overlap-
ping the gate electrode via an insulation layer (i.e., S-FP) 

4). We have investigated here whether application of FP 
structure improves current collapse characteristics. 

Figure 21 shows the evaluation results of current col-
lapse for the devices in the same lot using a 5.2-μm epi-
taxial layer, having different structures in terms of the 
gate-field plate length (Lgfp) and source-field plate length 
(Lsfp). It can be seen that the devices employing the FP 
structure has been improved in comparison to the devic-

lapse characteristics for various devices, in which the 
gate-drain electric field Vds_off is plotted on the lateral axis 
and the current collapse quantity on the longitudinal axis. 
The measurements were made, on the devices with Lgd = 
15 μm, on wafer, in a Fluorinert environment to prevent 
creeping discharge, and the substrate had equal potential 
with the source. The results for three epitaxial layers with 
different thickness on Si substrates are compared in the 
Figure, and the results for the devices on sapphire are 
shown for comparison. In the case of sapphire substrate, 
the current collapse is seen to increase as the drain volt-
age Vds_off increases, reaching five times or higher at 400 
V. In the case of the devices on Si substrate, on the other 
hand, the current collapse remains at a very low level 
even at high voltages, showing good results. This may be 
attributed to the fact that crystal quality of epitaxial layers 
on Si substrate has been much improved, and that elec-
tric field concentration has been relaxed by the field plate 
effect of Si substrate due to its conductivity. The marks ■, 
●, and ■ in the Figure represent total epitaxial layer thick-
nesses of 2.5 μm, 3.4 μm, and 5.2 μm, respectively. In the 
case of the total epitaxial layer thickness of 2.5 μm, the 
current collapse quantity shows a relatively small change 
of 1.1 times up to 350 V, and subsequently breaking down 
at 400 V. In the case of 3.4 μm, it stayed constant at about 
1.3 times up to 700 V, followed by a breakdown at 750 V. 
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es without the FP structure, and that, in the case of G-FP 
structure, the current collapse improvement is dependent 
on the length. From the results mentioned above, it has 
been shown that the use of the FP structure suppresses 
the degradation of current collapse characteristics due to 
increased thickness in epitaxial layers. 

CONCLUSION

Epitaxial growth technology for GaN layer on Si substrate 
has been studied aiming at a new device with high break-
down voltage and low on-resistance. Epitaxial layer 
growth using a 4-in multi-wafer machine is confirmed to 
result in good uniformity both in-wafer and wafer-to-wafer 
characteristics. In order to improve breakdown voltage 
performance, the carbon concentration in GaN layer is 
controlled as a technique to enhance the breakdown volt-
age of the buffer layer, and it has been found that the car-
bon concentration significantly contributes to breakdown 
voltage improvements. As the result, the maximum break-
down voltage of 1.7 kV has been obtained using a total 
epitaxial layer thickness of 5.2 μm. 

The HFET structure is formed on the above mentioned 
epitaxial wafer to fabricate a device, and, as the result, a 
device having good characteristics of 1.3 kV in break-
down voltage, 120 A in maximum current, and 5.2 mΩcm2 
in on-resistance is obtained at Wg = 340 mm. The current 
collapse is evaluated, and it has been found that the cur-
rent collapse can be suppressed low up to 900 V. 
Moreover, application of the FP structures has been stud-
ied to find out that current collapse can be suppressed 
further even in thick epitaxial wafers.

REFERENCES

 1) T.P. Chow, R. Tyagi, “Wide bandgap compound semiconductors for 
superior high-voltage unipolar power devices,” IEEE Trans 
Electron Devices, Vol.41, pp.1481-1483, 1994.

 2) O. Akutas, Z.F. Fan, S.N. Mohammad, A.E. Botchkarev, H. Morkoc, 
“High temperature characteristics of AlGaN/GaN modulation doped 
field effect transistors,” Appl Phys Lett, Vol.69, pp.3872-3874, 
1996.

 3) Seikoh Yoshida, Jiang Li, Takahiro Wada, and Hironari Takehara, 
“High-Power AlGaN/GaN HFET with a Lower On-state Resistance 
and a Higher Switching Time for an Inverter Circuit,” Proc.15th 
ISPSD, pp.58-61, 2003.

 4) W. Saito Tomohiro Nitta, Yorito Kakuuchi, Yasunobu Saito, Kunio 
Tsuda, Ichiro Omura, “On-resistance modulation of high voltage 
GaN HEMT on sapphire substrate under high applied voltage,” 
IEEE Electron Device Letters, 28, (2007)  676.

 5) Shinichi Iwakami, Osamu Machida, Masataka Yanagihara, Toshihiro 
Ehara, Nobuo Kaneko, Hirokazu Goto, Akio Iwabuchi, “20mΩ, 
750V high-power AlGaN/GaN heterostructure field-effect transis-
tors on Si substrate,” JJAP, 46, (2007) L587.

 6) Nariaki Ikeda, Kazuo Kato, Kazuo Kondoh, Hiroshi Kambayashi, 
Jiang Li, and Seikoh Yoshida,  “Over 55 A, 800 V high power AlGaN/
GaN HFETs for power switching application,” Phys. Stat. Sol. (a) 
204, No. 6, (2007) pp. 2028-2031.

 7) S. Yoshida, S. Katoh, H. Takehara, Y. Satoh, J. Li, N. Ikeda, 
K.Hataya, H. Sasaki, Phys. Stat. Sol. (a) 203 (2006) 1739.

 8) Sadahiro Kato, Yoshihiro Satoh, Hitoshi Sasaki, Iwami Masayuki, 
Seikoh Yoshida, “C-doped GaN buffer layers with high breakdown 
voltages for highpower operation AlGaN/GaN HFETs on 4-in Si 
substrates by MOVPE,” Journal of Crystal Growth 298 (2007) 831-
834.

Furukawa Review, No. 34     2008         23

High-Density Multi-Fiber Connectors for Optical Interconnection


