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Fast Switching NO>-doped p-Channel Diamond
MOSFETs

Niloy Chandra Saha, Tomoki Shiratsuchi, Scong-Woo Kim, Koji Koyvama, Toshivuki Oishi, Senior Member,
JEEE, and Makoto Kasu

Abstract—  This  letter  demonstrates  the  fast-switching
characteristics of a normally-on NOz petype doped diamond

tal-oxid: luctor field-effect (MOSFET). A
very fast-switching operation was realized for a diamond
MOSFET with a turn-on (ten) and turn-off (ter) time of as low as
997 amd 9.63 ns, respectively, The parasitic parameters that
influence the switching time and switching loss were measured as
input capacitance, Ciw of 245 nFi/mm, output capacitance, Cow of
732 pF/mm, and reverse capacitance, Crs of 17 pF/mm. A total
switching energy loss was determined to be only 208 pd. This
report suggests the potential of NOx-doped diamond MOSFETs
for prospective high-speed switching applications,

Index  Terns—diamond MOSFET, dynamic characteristics,
fast-switching, NOz p-type doping

I INTRODUCTION

TAMOND is a potential ultrawide bandgap semiconductor

material for future  high-power and  high-frequency
transistors. Excellent features of diamond comprise a high
bandgap energy of 547 ¢V, high clectric breakdown ficld of
=10 MViem [1,2], high thermal conductivity of 22 W/em K
[3). and electron and hole mobilitics of 4500 and 3800
cn'V's 7, respectively (4], lmpurity doping in diamonds
results in a low carricr concentration (p.) owing to their high
activation energies (E»). Hydrogen termination in diamond is

AkOs bi-layer

[le3 dopin;
Gate type doping
Source Drain

b
Fig. 1. (a) S‘Edl::malnc cross-section of the Al passivated. NO: p-tvpe doped
Hediamond MOSFETs, (b) Circuit diagram for the dvnamic switching
characteristics measurements.,
semiconductor field-effect transisior (MOSFET) was reporied
with the highest drain current density of 1.35 Afmm [13].
Furthenmore, reportedly excellent RF characlenistics include 2
W/mm of RF power density at 1 GHz [14]. Recently,
high-power operations of NO: p-tvpe doped diamond
MOSFETs were demonstrated with a maximum  Baliga's
figure-of-merit of 875 MW/cm® [15] and breakdown voliages
of =2500 10 3659 V (the highest among diamond MOSFETs)
[16-18].
The static characteristics of diamond transistors have been

an "““m““c that showed a p, of 10710 cm® when  exiensively  swdied  [19-24].  however the  dynamic
d to air. Hyd d di d (F i d)  characteristics are yet lcbclhomuglll\ invi cslngalcd For power
ficld-cffect 1t (FETs) dem ional  girenit | e for

radiofrequency (RF) capabilities with RF pu\wrdcnsnms of 2.1
and 3.8 W/mm at 1 GHe [3.6], and 4.2 W/nm at 2 GHz 7],
maximum cui-off frequency (fr) and maximum frequency of
oscillation (fu) of 70 GHe and 120 GHz, respectively [8,9].
The p. is significantly increased by NO: p-type doping in
H-diamond up to 2.4 = 10" em *_ an order of itude higher

realizing the switching bcha\mr and lhc corresponding
switching losses. In this study, we present the dynamic
swilching ¢l ics of a lly-on NO: p-tvpe doped
diamond MOSFET. The dynamic characteristics of the
MOSFET were realized for the first time, demonstraling a

than that of air [10.11]. An AlLO; layer passivation is required
1o prevent the d ion of NO: molecules and attain thermal
stabilization [12]. An NO: p-type doped diamond metal-oxide—

Manuseript received December 30, 2022, This work was supported by the
Japan Society for the Promotion of Science Grants-in-aid for Scientific
Research (Mo, 2ZZHO1974)

M. C. Saha, T. Shiratuschi, T. Cishi, and M. Kasu are with the Depariment of
Electrical and El ic Engineering, Saga University, Saga 840-8502, Japan
(e-mail: kasuiiee sapn-n.ac jp).
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idcrably short switching time,

11, GROWTH AND DEVICE FABRICATION

Fig. 1(a) shows the schematic cross-section of a NO: p-tvpe
doped and AlL:O; Ia\cr pnssn\mad diamond MOSI-H on
misoriented  di The mi d (D01)
diamond was grown on an Ir bufered (1120), thus A-plane,
sapphire substrate misoriented by 3.0° toward the [0001], thus
e-direction, and the diamond laver was naturally delaminated
from the hi b after the di 1 growth duning

cooling [25].

18 Ek

Long Stress (190 h) Operation of
NO; p-Type Doped Diamond MOSFETs

Niloy Chandra Saha, Tomoki Shiratsuchi. Seong-Woo Kim. Koji Koyama. Toshiyuki Oishi, Senior AMember,
TEEE, and Makoto Kasu

Abstraci— In this letter, we report the constant gate bias stress
l:haructemtll:s uf an AI:O.. Ia\er passivated, NOz p-type doped
field-effect  transistor
(MOSFET) for a long period of 190 h. The MOSFET exhibited
stable operation throughout the period without any degradation
in the drain current; rather the drain current gradually increased.
Long stress time led to an increase in the gate leakage current,
which can be attributed to the charge injection into the Al:O;
laver, Following the withdrawal of the stress, the gate leakage
current disappearced as soon as the trapped charges in the ALOs
layer were released and MOSFET characteristics recovered to
their initial states. This study revealed the potential long-period
stability and durability of diamond MOSFETs for power circuit
applications.

Index  Ternms—diamond MOSFET, p-tvpe doping, stable
aperation, stress effects

L INTRODUCTION

TAMOND  is  the ultimate  ultra-wide  bandgap
semiconductor m:ztcn.'!l for next-generation high-power
and high-freq! Di 1 has a high bandgap
energy of 547 eV, including a high eleciric breakdown field
=10 MV/cm, high thermal conductivity of 22 Wiem K [1-3].
and high carrier mobilitics (¢lectron and hole mobilitics of 4500
and 3800 em®V 's ', respectively) [4]. The excellent radio
frequency  (RF) characteristics of diamond  field-effect
transistors (FETs) were reported with maximum RF power
densities of 2.1 and 3.8 W.fmm at 1 GHz [3, 6] Moreo\cl
high-frequency operation of d 1 FETs demc a
maximum cul-ofT frequency () of 70 GHz [7] and a maximum
frequency of oscillation (fuw) of l;’,(l GHz |8|
The NO: p-tvpe doping in hvdroge i di 1
(H-di. 1) 15 d 1o hole carriers. The
hole carrier concentration by NO- p-tvpe doping is one order
higher in magnitude (up to 2.4 = 10" ¢cm ™) than that by air
doping [9. 10]. Also. the Al:Os passivation laver over the hole
channel prevens the desorption of NO: molecules and thermal
degradation [11]. An Al:O;: laver passivated, NO: p-tvpe doped
H-diamond metal-oxide— semicond lield-effect:

Manuscript received February 03, 2023, This work was supported by the
Japan Sociery for the Promotion of Science Grants-in-aid for Scientific
Rescarch (No. 22H01974),
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Jupan.

NO= pype ALO: bilayer

Source | |57 Drain

Fig. 1. Schematic cross-section of the AlOy passivated X0, p-type doped
diamond MOSFETs,

(MOSFET) exhibited the highest drain current density of 1.35
Afmm [12]. The highest breakdown voltage of diamond
MOSFETSs was reported as 3659 V [13]. Furthermore, diamond
MOSFETs were demonstrated for high-power operation with a
maximum Baliga's figurc-of-merit of 31’5 MW/em® [14].

The stable operation of di s 1s the il
realization for power cirenit applications. The reliability and
durability ¢l ization of di d MOSFETs over a long
period is vet 1o be reported. Furthermore, on-state reliability
testing is necessary to comprehend the potential mechanism of
drain current degradation and the failure of MOSFETs over
time. For the first time, this study reports stable long-stress
characteristics of a NO: p-type doped diamond MOSFET for a
long period of 190 h. Morcover, the changes in the ontput
characteristics due to stress and its recovery 1o the initial state
are discussed.

11 GROWTH AND DEVICE FABRICATION

Fig. 1 shows the cross-scction of a diamond MOSFET with
NO: p-type doping and AlOs layer fabricated on (001)
diamond substrates nusoncmcd ‘m kX 0“ Im\drd the [110]
direction. The fi 1 layer was
grown heterocpitaxially on an Ir buffered misoriented (11720)
A-plane sapphire substrates [15]. An approximately  100-nm
thick diamond laver was grown on the diamond substrates via
microwave plasma chemical vapor deposition. The microwave
plasma power was 750 W. The ratio of CHa/H> was 1% and the
working pressure was 30 Torr, The H-diamond sample surface
was exposed 1o 2% NO; gas (diluted in N2} to camy out the NO:»
p-type doping. For ohmic contact fonmation. a 50-nm-thick Au
layer was deposited. The photolithographically patterned active
channel was again exposed to NO» gas to retain the high hole

that was reduced during the fabrication processcs

[14].

A 16-nm thick Al:Os bilayer was deposited via atomic laver
deposition technique to passivate the active channel, The initial
4-nm-thick ALOs laver was deposited at 120 °C 10 ensure
um desorption of NO: during the sample heating,

N. C. Sahaftt, “Fast Switching NO,-doped p-Channel
Diamond MOSFETSs”, IEEE Electron Device Letters 44, 5 E[1f] &1
(2023); DOI: 10.1109/LED.2023.3261277.

N. C. Sahafts, “Long Stress (190 h) Operation of NO, p-Type
Doped Diamond MOSFETSs”, IEEE Electron Device Letters FIJf|
(2023); DOI: 10.1109/LED.2023.3265664.

10



WS AMVEREERT A ADEHEEL

NO:pBIK—E T B

Al2Os BRIEIE x|

BANXEIRYTIN

@R SAGA University
R REF

11



	スライド番号 1
	図１．宇宙やBeyond5Gに向けた半導体の高周波化・高出力化の必要
	図２．ダイヤモンドの優れた物性から期待されるデバイス性能
	図３.技術ポイント(1)　ダイヤモンド半導体デバイスのパワー回路を開発
	図４．技術ポイント(2) 10ナノ秒を切る高速のスイッチング動作
	図５．技術のポイント(3) １９０時間の連続動作で特性劣化はなし
	まとめ
	今後の展開
	補足説明　その他のダイヤモンド半導体の用途
	スライド番号 10
	補足説明　　ダイヤモンド半導体デバイスの高性能化

