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Abstract

B-Ga,0; thin films with both a 45 nm Si-doped conductive epilayer and unintentionally doped epilayer were grown
on c-plane sapphire substrate by metalorganic chemical vapor deposition. 3-Ga,0O; based metal-oxide-semiconduc-
tor field-effect transistors (MOSFETs) were fabricated with gate recess depths of 20 nm and 40 nm (it indicated gate
depth with 70 nm and 50 nm, respective), respectively, and without said recessing process. The conductivity of -Ga,O;
epilayers was improved through low in situ doping using a tetraethoxysilane precursor to increase MOSFET forward
current density. After recessing, MOSFET operation was transferred from depletion to enhanced mode. In this study, the
maximum breakdown voltage of the recessed 40 nm transistor was 770 V. The etching depth of a recessed-gate device
demonstrates its influence on device electrical performance.
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Introduction

B-Ga,0; is emerging as the potential high-power device candidate for next generation applications owing to its ultra-
wide bandgap of 4.8 eV [1]. It is known that 3-Ga,0; possesses a critical electric field value of 8 MV/cm considerably
higher than more established power semiconductor materials such as 4H-SiC (2.5 MV/cm) and GaN (3.3 MV/cm) [2]. From
Baliga’s figure of merit (BFOM) the trade-off between on-resistance and breakdown voltage demonstrates that f-Ga,O;
(3214) has greater potential for high power applications compared to 4H-SiC (317) and GaN (846) [3]. An on-going and
critical problem for both SiC and GaN-based devices is the higher crystal growth cost. For 3-Ga,0;, costs are an order
of magnitude lower and films can be grown hetero-epitaxially by different methods [4, 5]. In this context, high quality
heteroepitaxil B-Ga,0; layers can be grown by metalorganic chemical vapor deposition (MOCVD) on sapphire which is
clearly in reducing growth cost [5].
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These superlative material characteristics permit 3-Ga,0; to be employed for many electrical devices, such as
metal-oxide—semiconductor field-effect transistors (MOSFET) [6-10], metal-semiconductor field-effect transistors (MES-
FET) [11], and Schottky barrier diodes [12]. In addition, to increasing conductivity, most devices are grown homoepi-
taxially and doped by Si-ion implantation forming a shallow donor [13]. Furthermore, there are many studies on both
depletion-mode (D-mode) MOSFETs using Ga,0; epilayers on bulk Ga,0O5 substrates and Ga,05 grown on sapphire
substrates combined with Si-ion implantation technologies [6-8]. However, the lack of a p-type-based epitaxial substrate
[14] leads to fewer enhancement-mode (E-mode) MOSFET published examples and clearly needs to be developed using
other special techniques, which is the purpose of this work. Recently, a number of E-mode MOSFETs have been reported,
such as Sn-doped Ga,0; wrap-gate fin-array with a threshold voltage between 0 and + 1V [15], a vertical power MISFET
with fin-shaped channels[16], MOSFETs with gate recess [9, 10], or using N-Si co-doping technology [17]. Regarding the
above methods, Ga,0; epilayers grown on native substrate generally demonstrated low breakdown voltages. Elsewhere,
mechanically exfoliated Cr-doped Ga,O; substrates were utilized and transferred onto SiO,/Si substrate and then locally
thinned to obtain E-mode MOSFETs [18]. Even though I was very low it is not feasible to mass-produce devices using
exfoliation methods.

The performance of 3-Ga,05 based MOSFETs for D- and E Mode operation has been simulated by Kachhawa [19], but
there are no comparable experimental results. In our work, different recessed gate etch depths were used to evaluate
MOSFET electrical characteristics of heteroepitaxial Ga,O5 layers grown on sapphire substrates, for both D- to E-mode
control by gate recessing. In this study, MOSFETSs electrical characteristics will be discussed and compared with the previ-
ously reported simulation data [19, 20].

Experimental

An in situ doped 45 nm epilayer and a 45 nm un-intentionally doped (UID) 3-Ga,O; layer were grown on c-plane sap-
phire at 875 °C by MOCVD. The Si in situ doping layer was obtained through the TEOS precursor with a 10 sccm flow
rate, resulting in a measured carrier concentration (Np) of 7.2 x 10"® cm™ and Hall mobility () 7.6 cm?/v-s through
Hall measurement. The device active region was defined by an inductively coupled plasma reactive ion etching (ICPRIE)
system using Ar and Cl, to isolate each device as shown in Fig. 1(a). Following this, a Ti/Al/Ni/Au (20/100/40/50 nm) metal
stack was deposited as the source (S) and drain (D) electrodes by E-beam evaporation, shown in Fig. 1 (b). To obtain an
Ohmic contact for the above metals on Ga,0;, samples were annealed at 500 °C in an N, ambient for 1 min. The gate
region was then etched to reduce its thickness, enhance channel control as shown in Fig. 1(c). Thereafter, a 30 nm Al, O,
dielectric layer was deposited by atomic layer deposition (ALD), shown in Fig. 1 (d).

A Ni/Au (30/150 nm) metal stack of gate (G) electrode was then deposited in the gate region by E-beam evaporation,
shown in Fig. 1 (e). Finally, a 200 nm thick SiO, passivation layer was grown on top and S, D and G contact pads and then
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are opened for measurement, shown in Fig. 1 (f). Studied MOSFETs have a gate length of 3 um (L), a recessed length of
7 um, a source-gate width (Lsg) of 7 um, and a gate-to-drain width (Lsp) of 10 um. The final device schematic and etch-
ing depth were measured by scanning electron micrograph (SEM), shown in Fig. 2. Different etching depths were used
to study this effect on MOSFET electrical properties. These are 20 nm, 40 nm, and a no-etch process, respectively. As
-Ga, 0, thickness before etching was 90 nm, after said etch process the remaining material thickness was 70 nm and
50 nm on sapphire substrate. The remaining material comprises a 25 nm Si-doped layer and a 5 nm Si-doped layer on
45 nm thick UID layers for 20 nm and 40 nm etched samples, respectively. After device processing, MOSFET characteristics
were measured by a Keysight B1505A. Specific contact resistance (p.) and sheet resistance (Ryy,.er) Were measured by the
transmission line measurements (TLMs).

Results and discussion

The crystallinity of the device structure (n-type B-Ga,0;/ UID B-Ga,0;/sapphire) was measured by x-ray diffraction
system and shown in Fig. 3(a). There existed 38.9, 18.3 and 59.0° corresponding to (501 ), (ZOZ), and (803) of Ga,0;.
It was worth to mention that the epilayer presented high quality single crystal even the epilayer was doped by Si
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Fig. 3 a X-ray diffraction pattern of the device structure and b TLM measurement by different distance from 10 to 60 um
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Fig.4 Extracting the threshold voltage by I, -V measurements under V=5V for (a) the non-recessed device at V;;=— 0.4V, b the device
etched a depth of 20 nm at V;;=0.5V, and c the device etched a depth of 40 nm at V;,=6V

with 7.2 x 108 cm™3. Transmission line measurements (TLM) were used to evaluate Ohmic contact properties and
semiconductor resistance between S and D electrodes for Si-doped Ga,O; epilayers. The resistance as function of
distance of the TLM pattern is shown in Fig. 3. The TLM was used to measure the S/D contact resistances. They are
almost the same for each sample because these devices were fabricated using the same wafer. A linear relationship
is clearly observed indicating that S and D metal electrodes on Si-doped Ga,0; are Ohmic in nature. The sheet resist-
ance (Rg), transfer length (L) and specific contact resistance (p.) can be obtained using the TLM measurement. In
Fig. 3, the presented TLM results were measured from 10 pm to 60 pm. The Rs and the p. values can be extracted

using slope = % andL; =, /;—C .The extracted L was 0.27 pm. Rs was found to be 46.4 MQ/O and p, 3.28 Q/mm?.
S

To understand the relationship between recessed depth and device operation mode, different recessed depths
are considered including a non-recessed device; with depths of 20 nm and 40 nm, respectively. Figure 4 shows the
relationship of I as function of Vs for a Ga,0; MOSFET with different etch depths. The threshold voltage (V5,) is
defined under drain voltage condition (V=5 V) in the MOSFET linear region. The x-intercept is determined with
a tangent line from the transconductance (g,,) maximum point were V;,=— 0.4V, 0.5V, and 6 V for non-etched,
20 nm and 40 nm etched devices, respectively. The Iy — Vs electrical characteristic demonstrates that MOSFETs can
be transferred from the depletion mode to enhancement mode. Prior to etching the MOSFET was in D-mode, but
V1 was only — 0.4 V. This could be owing to a narrow 45 nm thick Si-doped layer. Clearly, reducing the thickness of
doping region, increases the resistance of the channel. For an applied V; with either zero or negative bias, the chan-
nel was totally depleted thus the normally-on channel was turned off. Further etching resulted in V4, increasing,
yielding E-mode device operation.

Besides Vq,, the etching depth also affected device saturation current, in this case deeper etching depths results
in a lower saturation current, /s, In order to confirm this point, the drain current as function of gate voltage for the
Ga,0; MOSFET with different etching depths was measured for V=30V and is shown in Fig. 5. It was found that
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the Is5r is approximately 140 pA/mm, 14 pA/mm, and 0.6 pA/mm for MOSFETs with a non-etched channel, and etch
depths of 20 nm and 40 nm, respectively. Furthermore, g,, maximum saturation (not shown data) at V=30V is 26
puS/mm, 2.7 uS/mm, and 0.13 pS/mm for non-etched channel, and etch depths of 20 nm and 40 nm, respectively.

Figure 6 shows I — Vs measurements for different etch depths. The Vs ranges from 0 to 50 V in increments of
0.5 V. The maximum current shows a consistent trend with device transfer characteristic such that deeper recessed
depths give lower maximum /g current. Likewise, turn-on resistance increased in-line with etch depth, from 69 kQ
mm, 128 kQ mm, and 188 kQ mm. For the singular 40 nm etched depth, under low drain bias the channel did not
turn on directly. It was thought that this unusual phenomenon relates to a high channel resistance under the gate-
recessed area as non-recessed devices have not experienced this problem. The contact resistances of S and D of the
sample with 40 nm etching depth were the same as compared with those of sample without recess processing. The
sample with 40 nm etching depth has the 50 nm channel depth (5 nm doped layer + 45 nm UID layer). Due to the
channel depth being too thin, it resulted in high resistance and presented nonlinear. The device structure should be
optimized for improving Is.

It is important to evaluate MOSFET breakdown voltage for different recessed channels. The breakdown voltage char-
acteristic of the -Ga,0; MOSETs for various etching depths was measured at room temperature. During measurement,
these devices were operated in the OFF state. Gate voltages were held at — 5V, — 6, and 0V for MOSFETs without recess
and with recesses of 20 and 40 nm depth, respectively. The three-terminal off-state breakdown characteristics of Ga,0,
MOSFETs with different recessed depths were measured and shown in Fig. 7. The breakdown voltage was 650V, 710V,
and 770V for MOSFETs without recess and with recesses of 20 nm and 40 nm, respectively. Noticeably, MOSFETs with
deeper etching depths demonstrated higher breakdown voltages. One possibility for this observation is that recessed
regions could present a more resistor pathway under drift condition serving to divide the high voltage from the drain.
These results were similar to those reported in [9], whereby MOSFETs were homoepitaxially grown on 3-Ga,0; by MOCVD
on a Fe-doped semi-insulating (010) Ga,0O; substrate [9].
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Fig.6 Ips—Vps measurement for different etching depths a before etching, b etching depth 20 nm and ¢ etching depth 40 nm
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Fig. 7 Breakdown voltage for different etching depths a before etcing, b etching depth 20 nm and c etching depth40 nm

@ Springer



Research Discover Nano (2023) 1892 | https://doi.org/10.1186/511671-023-03867-9

Table 1 Electrical
characteristic for different
etching depths

Sample No Vi, (V) Maximum current@  Breakdown — gm maximum (uS/ R, (kQ mm)
Ves=10V, Vps=30V  voltage (V) mm)@Vps=30V

Before etching -04 0.14 (mA/mm) 650 26 69

Etching depth:15nm 0.5 0.014 (mA/mm) 710 2.7 128

Etching depth:40nm 6 5.9%107* (mA/mm) 770 0.13 188
-srtaabtt—f) f—’:\hse u—g:;nc?fribznfzgkdown Substrate Ron Breakdown voltage (V) References
and R, performance for the Ga,0, 215 mQ mm 198 21]

Ga,0; - 190 [9]

Ga,0; (Vertical) 13-18 mQ cm? >1000V [16]

Ga,0; (Vertical) 135 mQ cm? 263 [17]

Sapphire 47 KmQ cm? ~155 [23]

P+-Si 353 MQcm 224 [24]

Sapphire 188 KQ mm 770 This work

Table 1 presents all electrical characteristics of Ga,0; MOSFETs grown on sapphire substrate with different recess
depths compared to those without. Obviously, MOSFETs can switch from E-mode to D-mode after recess etching; unfor-
tunately, Ips and R, are scarificed. A summarizing state-of-the-art of breakdown and Ron performance for the E-mode
Ga,0; were shown in Table 2. The breakdown voltage presented the best performance in this work. In future work, the
device structure will be further improved for high I and low Ry

Conclusion

Heteroepitaxial 3-Ga,O; films have been successfully grown on sapphire substrate demonstrating that MOSFETs can be
switched from depletion to enhancement mode by gate-recessing. It is shown the different etching depths significantly
impact device electrical performance including threshold voltage, maximum current, and breakdown voltage. In this
study, the maximum breakdown voltage was 770V and maximum current attained was 140 pA/mm. Normally 3-Ga,O4
MOSFET channel regions are doped by ion-implantation, here we instigate a novel in situ doping method using TEOS
during MOCVD. Further improvements will focus on increasing device saturation current and decreasing source and drain
ohmic contact resistance so that this device structure and process can employed for future high-power applications.
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