Fabrication of GaAs MISFET with nm-thin
oxidized layer formed by UV and ozone process
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Abstract—A gate insulating layer with single nm-order thick- 1) high-speed operation due to downsizing the device more
ness for suppressing gate leakage current is one of the key factors and more;

in extending downsizing limits, based upon the scaling rule, of il ;
field-effect-type transistors. We describe the fabrication and 2) %%Zsébggirgti;hgle power supply due to enhancement

characterization of GaAs MISFETs with a nm-thin oxidized layer - .
as the gate insulating layer, which is formed by an ultraviolet (UV) 3) possibility of complementary device structure;
and ozone process. The UV and ozone process forms oxidized 4) improvement of thermal property and breakdown voltage.
GaAs Ialyerli near the tsubrface, WhliCh deffecti\f/ely SUF;pfdeSSTtr?e However, no MIS-gate FET/HEMT has been practically used
reverse leakage curren several orders of magnitude. The - ; NP :
fabricated Ga,gs MISFET c)z:m operate not only in thge depletion becguse a high-quality thin-film insulating Iaygr cannot be
mode, but also in the accumulation mode up to 3 V of the gate achieved on the surface of the compound semiconductor due
voltage for 8-nm-thick oxidized layer due to the current blocking t0 high density of interface states. A number of MIS gate
effect of the oxidized layer. A current cutoff frequency of 6 GHz  structures have been tried for realizing MISFET to date. The
and a maximum oscillation frequency of 8 GHz are obtained for  jhgylated gate InGaAs/InAlAs PHEMT utilizing a silicon inter-
ixic(;j?er?j 'l\glyse'EET with a 1-pm-long gate length and 8-nm-thick f_ace control layer was reported [4]. Thesitu Qazog /GhO;
film growth on GaAs by molecular beam epitaxy (MBE) was
Index Terms—Compound semiconductors, GaAs, MISFET, self- reported for GaAs MISFET [5]. The GaAs MISFET with
align, ultraviolet (UV) and ozone process. SiO, as the insulating layer [6] and the GaAs MOSFET with
oxidized GaAs as the insulating layer [7] were also reported.
|. INTRODUCTION These reports show some good results for high-performance

GaAs MISFETs. However, the thickness of the insulating layers

COMPOUND semiconductor field effect transistors . .
(FETs) and high-electron mobility transistors (HEMTs n SUCh. GaAs MIS.FETS are reIauyer th'Ck. (20 nm-40 nm)._
0 achieve ultra-high-speed transistor which can operate in

are widely used in mobile telephones and high-speed o " eraherty f thin insulating | :
toelectronic circuits, such as optical receivers, and are v ceer:saerryz requency range, a nm-thin insulating fayer 1s

promising electronic devices in high-speed optical commurftt . . .
cation systems over 40 Gb/s, satellite communication syste SWe have been studying the MIS gate structure with a nm-thin

intelligent transport systems (ITS) etc. In the compound se yaAs-oxide layer prepared by ultraviolet (UV) and ozone treat-

conductor FETs and HEMTS, Schottky junction has been usBignt [8]. The gate leakage current can be suppressed by five

as the gate structure for a long time, and a cutoff frequency%riders of magnitude with an 8-nm-thin GaAs-oxidized layer.

fr = 396 GHz was obtained in 2001 [1]. However, the progre§§1 Fhis paper, we present GaAs MISFETs with ””."”“” GaAs
in the cutoff frequency is very slow (fronf, = 342 GHz [2] oxide layers formed by a UV and ozone process including mi-
in 1992 to 396 GHz in 2001) because of short-channel eﬁe&rsoscopic structural details and RF performance in addition to
(SCEs). In the Schottky gate structure, the gate leakage currgjjt Previous work [3], focusing on the gate current suppression

increases due to tunneling effect according to an increase of ct.
donor density which accompanies with downsizing the device
to achieve high-speed operation.

The alternative gate structure is the metal-insulator-semicon-The oxidation of the GaAs surface was carried out by
ductor (MIS) to reduce the gate leakage current and to overcobh¥ and ozone process (SAMCO: UV and Ozone Cleaner,
the SCE [3], [4]. The advantages of the MIS gate structure ddd/-1). After removing the native oxide layer on the surface of
as follows: n-GaAs/semi-insulating-GaAs wafers by buffered hydrofluoric

acid, the wafers were directly oxidized by the UV and ozone
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Fig. 3. Measured —V' characteristics for both the Schottky and the MIS

Fig. 2. Measured composition of the oxidized layer by the XPS. diodes. (a) UV and ozone time: 120 min. (b) UV and ozone time: 240 min.

weak dependence on the temperature. The uncertain range for 10° T T
each data indicates positional dependence of the measured 510 I i
data, reflecting the nonuniformity of the thickness of the s,
oxidized layer. The thickness is nearly proportional to square s 101 1
root of the oxidation time. The thickness of the oxidized g 10°} ] -
layer processed at 25C is also shown in Fig. 1, which was g 10 | : I 1
measured by the cross-sectional high-resolution transmission b
electron microscope (TEM), as described in Section Ill. No g 107 1 ! T
significant dependency of the thickness of the oxidized layer © 4ot I 4
on the oxidation temperature is observed. - 1

X-ray photoelectron spectroscopy (XPS) analysis was 10 100 1000
carried out to investigate the composition of the oxidized layer. LIV & o7aona tima ( min )

Fig. 2 ShOW§ the measureq composmon of a 480-min OXIdI,Zgg. 4. Current suppression ratio of the MIS diode to the current of the
surface against the Ar etching time that reflects the depth. Figsehottky diode.

suggests the outdiffusion and the decomposition of As near the

surface and the incorporation of oxygen. Due to insufficierg . )
. . chottky diode. The current can be suppressed by five orders
depth resolution 10 nm) of the XPS, Fig. 2 does not show émagnitude when the oxidation was carried out for 240 min.

accurate distributions. However, it clearly suggests that tﬁ
oxide layer is mainly composed of Ga-oxide (mainly.Gg),
although As-oxide (AgO3, As;O;) may still remain to some
extent. The structure of the fabricated GaAs MISFET is shown
Next, we measured thé-V characteristics for both thein Fig. 5. The substrate used in our experiments was
Schottky diodes and the MIS diodes. Fig. 3 shows the measureGaAs (donor concentration: 3x110'” cm™3, thick-
results for the Schottky (open circles) and the MIS diodewss: 0.42um)/semi-insulating-GaAs epitaxial wafer. The
(closed circles). It can clearly be seen that the nm-thin inspoative oxide layer on the surface of the substrate was first
lating layers effectively suppress the reverse leakage currer@moved by buffered hydrofluoric acid etching and the epitaxial
while keeping the shapes of the curves. Fig. 4 shows tlayer was thinned to 0.28m by etching in order to reduce the
current suppression ratio of the MIS diode to the current of tmeesa-step-height, then rinsed by deionized water. The drain and

I1l. D EVICE STRUCTURE AND FABRICATION
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Fig. 6. Cross-sectional high-resolution TEM image of the thin oxide layer 10 10 5 0 5
existing between the GaAs and the Al gate electrode. The magnification is
3750 000. Gate-source voltage Vo (V)

(b)

the source electrodes were formed by evaporating AuGe dnal 7. -V characteristics between the gate and the source for the GaAs
then sintered at 367C for 1 min. After mesa-etching the epi-"ISFET with the UV :and ozone times of 120 min and 240 min. (a) UV and

. ozone time: 120 min. (b) UV and ozone time: 240 min.
taxial layer by the etchant (ff#O, : HoO : H,Oy, = 4:90: 1)
for isolating the gate, a photoresist was coated and patterned
for the recess etching, the oxidation of the GaAs, and the
formation of the gate electrode with a self-align process. TheFig. 7 shows the current-voltagé—V') characteristics be-
recess etching was carried out by using the same etchant, amelen the gate and the source for the GaAs MISFETSs with the
a typical resultant recess thickness was Qub6. Then, the UV and ozone time of 120 min and 240 min. The device with
sample was oxidized by the UV and ozone process at rodhe oxidation time of 240 min has smaller forward current due
temperature. Only the recess region was selectively oxidizedcurrent blocking effect by the oxidized GaAs layer. For the
by the presence of the photoresist mask pattern. Then, Al waesckward bias voltage larger thab V, the device with the oxi-
deposited for the gate electrode, and finally the photores@stion time of 240 min has larger backward current. This may be
mask pattern was removed. The gate length and the gate widtle to the Fowler-Nordheim (FN) tunneling. In the MISFETS,
were 4um and 100um, respectively. the nm-order insulating layer and the depletion layer with sev-

Fig. 6 shows the cross-sectional high-resolution TEM imageal tens~ 100 nm thickness share the bias voltage. When the
of the thin oxidized layer existing between the GaAs and thiesulating layer is very thin and the tunneling prevents accumu-
Al gate electrode. The oxidation was carried out at’25for lation of holes at the interface between the GaAs and the oxi-
120 min. The image was taken in the (110) direction of thdized GaAs, most of the bias voltage is applied to the depletion
GaAs. The oxide layer appears as an amorphous image, wialger like a Schottky junction. When the insulating layer be-
the GaAs and the Al exhibit lattice fringes. Periodic fringes am@mes thick enough to prevent the tunneling, an additional bias
seen in some small regions in the oxide layer, which may be abltage is mostly applied to the oxidized layer and causes the
tributed to overlapping of the oxide layer with either the GaABN tunneling. In the case of SK5i systems as a reference, the
or the Al crystals in the imaging direction due to the wavy interitical SiO, thickness is about 4 nm [10]. The thickness of the
faces. Moire fringes are seen in the Al crystalline regions, whidxidized GaAs layers estimated by the TEM (see Fig. 1) are ap-
are caused by overlapping of different crystalline grains. Bogiroximately 3 nm and 8 nm for the oxidation time of 120 min
the flatness of the interface between the GaAs and the oxidizat 240 min, respectively. The thicker oxidized layer may accu-
layer and the thickness of the oxidized layer are far from atomiculate holes at the insulator-semiconductor (IS) interface, and
flat. The thickness of the oxide layer is position-dependent atiten the additional bias voltage is applied only to the oxidized
can be read to b2 ~ 5 nm, which is plotted in Fig. 1. Similar layer, which causes the FN tunneling.
TEM observation was also carried out for a 240-min oxidized Fig. 8 shows the measured drain current-drain voltage
sample, and the oxide thicknesstof- 10 nm was obtained.  (Ip—Vp) characteristics for the GaAs MISFETs along with

IV. DC CHARACTERISTICS
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GaAs MESFET (see Fig. 7), and means that the injected electrons from the
source is directed to the drain without leaking to the gate due
to current blocking by the oxidized nm-thin GaAs layer. A
high ohmic contact resistance also increases the saturation gate
- ] voltage. However, Fig. 7 clearly shows that the forward voltage
g - at a certain current increases with the oxide thickness even
B below the series-resistance-limited current region, verifying the
_ . current blocking effect of the insulating layer. The difference
F s OV of the drain current between the MESFET and the MISFETs
: ' is mainly due to the difference of the recess thickness from
wafer to wafer. We also find out that the transconductance
decreases when the gate voltage is around the flat-band voltage
(@ (+0.5V ~ +1.5 V) for the device with the UV and ozone
o5 [T - . T . . ] time of 120 min. Most of the samples with 120 min oxidation
UV & ozone : 120 min and some of the samples with 240 min oxidation show such
20+ V=43V recessed transcoductances around the flat-band voltage.
We also measured thE,—Vp characteristics by using an
151 ' 1 analog semiconductor curve tracer (lwatsu: TT-507). The
I 05V Ip—Vp characteristics have hysteresis loop, and a large hys-
teresis loop was observed when the gate voltage is around the
flat-band voltage. This implies the existence of movable ion or
I trap/release mechanism of charges in the oxidized layer and/or
0 b : e c2v the interface between the GaAs and the oxidized layer.
0 1 2 3 4 5 6 Fig. 9 shows the measured transconductance against the
Drain-Source voltage V,__ (V) gate voltage. The transconductance drops around the flat-band
(b) voltage for the device with the UV and ozone time of 120 min.

: : . : : : . This may be caused by a combination of trap/release and
B UV & ozone : 240 min spatial di.stributions of electrons, as described in Section VI.
o0 | V=43V | The maximum transconductance5ié ~ 60 mS/mm. Such a

I ] low transconductance is due to the long gate length and the
i5 b ; . nonoptimized recess etching.
I v 05V 1 Long-term reliability test of the MISFETSs is not performed
10 + p step due to the remaining hysteresis problem. However, power co-

# sumption {p x Vps) at the device failure for the device with

5r o iy the oxdation time of 240 min, tested by the curve tracer, is nearly
P : — ) ] equal to that of a commercial low-noise GaAs MESFET with a
- nearly equal gate width.

4l Vasi#3V~2V
‘w:-‘sﬂﬁ*f -

Drain current I, ( mA)

;
§

0 1 2 3 4 5 6
Drain-Source voltage Vo (V)

(mA)

D

Drain current /

D

Drain current /_ ( mA)

0 1 2 3 4 5 6
Drain-Source voltage Vos (V)

(c) V. RF CHARACTERISTICS

Fig. 8. Drain current-drain voltagel 4—V) characteristics for the GaAs  We fabricated similar MISFET with a coplaner electrode

MEFET and GaAs MISFET with the UV and ozone times of 120 min an ; P
240 min. The thickness of the oxide layers estimated by the TEM image gtrucwre and the AuGe/Ni source and drain electrodes, as

ar s
3 nm and 8 nm, respectively. (a) GaAs MEFET. (b) UV and ozone time: 1§EOW'1 n F'g- 10 for on-wafer mea;urement&fpara}meters
min. (c) UV and ozone time: 240 min. of the device. The UV and ozone time was 240 min, and the

gate length and the gate width argih and 80um (40 mx 2
that for the MESFET by using a semiconductor parametngers), respectively. Fig. 11(a) shows the measurgdVp
analyzer (Hewlett Packard: HP 4156A). The UV and ozorgharacteristic of the device (1 finger). Due to the small gate
process was 120 min and 240 min at room temperature. Thiglth and excess recess etching, the drain current is smaller
thickness of the oxidized layer was estimated to be 3 nm atfthn that shown in Fig. 7. However, the availability of the
8 nm, respectively, from the TEM image. The gate voltagerward gate bias operation beyond the flat-band voltage and
was changed from-2 V to +3 V with 0.5 V step. In the the recessed transconductance around the flat-band condition
GaAs MESFET [see Fig. 8(a)], the drain current is saturatede reproduced. Fig. 11(b) shows the stability fackor the
when the gate voltage reache4.5 V. However, in the GaAs maximum available power gain (MAG), the maximum stable
MISFETSs, the drain current increases until the gate voltagewer gain (MSG), and thi&» |? evaluated from the measured
reaches+3 V. Thus, the MISFETs can operate even undef parameters. The drain and the gate voltagedae= +4 V
accumulation mode (beyond the flat-band condition) in spite ahd Vs = +1 V, respectively. The current cutoff frequency
such ultrathin insulating layers. This result coincides well witli; and the maximum oscillation frequengy,. are estimated
the gate voltage which gives mA-order forward gate curretd be fr = 6 GHz andf,s. = 8 GHz, respectively. We also
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0.1 1 10 100
measured the device Bbs = +4 V andVgg = +2 V, but no Frequency ( GHz)
substantial change in the RF performance was observed. This (b)

implies that the recessed transcondunctance of thEped®p  Fig. 11. Measured,—V5, characteristic and the RF characteristics of the

curve does not directly affect the RF performance. The ma#aAs MISFET. The UV and ozone time is 240 min, and the gate length and the
: : f gate width are km and 8Qum, respectively}'ps = +4VandVgs = +1 V.

reasons for the rel_atlvely lowir and f,. are reIaU_ver high (8) In—Vp characteristic. (b) RF characteristics,

ohmic contact, estimated to eps = 600 Q2 from Fig. 11(a),

and an unoptimized recess thickness. . . . L .
removing an oxide layer after long-time oxidation, using a com-

bination of heteroepitaxial growth, material-selective etching,
etc.

The nonuniform oxide thickness could be one of the problemsMost of the samples with the oxidation time of 120 min and
which causes different performances between the devices eseme of the samples with the oxidation time of 240 min show
in a wafer, especially in the thinner oxide devices. Fig. 12 showsdrop in the transconductances around the flat-band voltage.
oxidation time-dependence of the roughness of the oxide slike main reason we attribute it to trap/release of electrons is
faces and the oxide/GaAs interfaces. The surface roughnessimfollows. We measured the leakage currents oh-BidAs
creases with increasing oxidation time, but the interface rougBehottky junctions which were formed after UV and ozone ox-
ness decreases with increasing oxidation time. This trend is siiation and removal of the oxidated layers. They showed much
ilar to that reported for thermally oxidized Si{®i systems [11], larger leakage currents than the Schottky junction formed on
and suggests that the interface inherently tends to approacinaoriginal GaAs surface [8]. This suggests that the oxidation
perfect (100) plane by long-time oxidation. Hence, the nonurprocess creates deep levels in the GaAs wafers near the IS inter-
formity of the oxide thickness can be minimized by using (100xces. The leakage current increased with the oxidation time up
wafer with minimized surface roughness, which is obtainable by 120 min, and then decreased by longer oxidation time. Our

VI. DISCUSSIONS
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Fig. 12. Measured RMS roughness of the oxide layer and the interface against
the oxidation time.

(5]

recent work [12], [13] on th€-V characteristics of Ni/GaAs-
oxideh-GaAs, Ni/GaAs-oxinitridai-GaAs, etc, suggests that
the deep levels are positively charged under the reverse bia@]
condition, and then trap electrons when the bias approaches
the flat-band voltage. Moreover, nitridation of the oxide film .
solves insufficient increase of high-frequency capacitance at e{ ]
forward bias, which Passladit al. theoretically derived as a
sign of unpinning [14]. Frequency dependenceCe¥ curves
of the Ni/GaAs-oxidal-GaAs system, in a frequency range o
10 kHz ~ 1 MHz, is small [12].

i 18]

[9]
VIl. CONCLUSION

We describe the fabrication and the characterization of GaAs
MISFETs with nm-thin oxidized layers as the gate insulating!'"!
layer. The oxidation was carried out by the UV and ozone
process. The thickness of the oxidized layer was proportiondl1]
to the square root of the oxidation time and was about 8 nm
for 240 min oxidation time. From thle-V characteristics of the
MIS diodes, the current suppression ratio of the MIS diode td12]
the Schottky diode is I0° for 240 min oxidation time. The
GaAs MISFETs with nm-thin oxidized layer formed by the UV
and ozone process were fabricated. They could operate not only
in the depletion mode but also in the accumulation mode up 6]
2V and 3V of the gate voltages for 3-nm-thick and 8-nm-thick
oxidized layers, respectively, due to the current blocking effect
of the oxidized layer. However, thép—Vp characteristics [
have hysteresis loop, and a large hysteresis was observed when
the gate voltage is around the flat-band voltage. This result
suggests the existence of interface states. The RF response of
the GaAs MISFETs was measured, showing the current cutoff
frequency of 6 GHz and the maximum oscillation frequency of
8 GHz with 1um-long gate length and 8-nm-thick oxidized
layer. The quality improvement of the oxide layer is now bein
studied [12] and the results will be presented elsewhere aloggg
with some dielectric properties of the oxide layer.
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