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Responsivity Enhancement of Wafer-Bonded Ing 53Gag 47As
Photo-Field-Effect Transistor on Si Substrate via Equivalent

Oxide Thickness Scaling

Sung-Han Jeon, Dae-Hwan Ahn, Kyul Ko, Won Jun Choi, Jin-Dong Song,

Woo-Young Choi,* and Jae-Hoon Han*

A high-responsivity photo-field-effect transistor (photo-FET) with a metal-oxide-
semiconductor (MOS) structure is a promising technology for low-intensity light
detection with its high gain and low operation voltage. To enhance their
responsivity, the equivalent oxide thickness (EOT) scaling is one of the effective
solutions, which is a common technology to improve the electrical properties of
MOSFETs using higher-k insulators. Herein, the EOT scaling effect on the
optoelectrical characteristics of photo-FETs using Al,O; and Al,O;/HfO, gate
stacks is investigated. Thanks to the EOT scaling effect introducing Al,O3/HfO,,
only the transconductance of the photo-FET is enhanced without any significant
change in the photovoltaic effect and cavity effect. As a result, its responsivity is
improved by up to 1.7 times. The results give a basic strategy of the EOT scaling
effect for photo-FETs; thus, the EOT scaling with a higher-k insulator is a
powerful solution for the high-performance InGaAs photo-FET requiring high

Different photodetector structures are used
in the SWIR range, such as PIN photode-
tectors, avalanche photodiodes (APDs), and
phototransistors, often employing materials
like indium-gallium-arsenide (InGaAs)
or germanium (Ge).”’ Among these
options, APDs are preferred for detecting
weak light due to their internal gain.
However, they come with challenges like
high operating voltage and excess noise.”*
Phototransistors, especially 2D or organic
photo-field-effect transistors (photo-FETs),
are promising alternatives due to their
adjustable internal gain and low operating
voltage.”) However, these materials face
difficulties in achieving high-performance

responsivity in the short-wavelength infrared range.

1. Introduction

Short-wavelength infrared (SWIR) detectors find extensive appli-
cations in various fields, including silicon (Si) photonics,!
medical devices,? light detection and ranging sensors,”’! and
quantum computing.!  Achieving high-performance light
detectors is crucial to capture a wide range of light intensities.
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and large-scale production for a broad

SWIR range compatible with complemen-

tary metal oxide semiconductor (CMOS)

platforms."” For mass production pur-
poses, Ing 53Gag 47As PIN photodetectors have been widely used
for SWIR detection and have recently been integrated into
CMOS-compatible platforms.'"'? InGaAs APDs have also been
extensively studied to enhance responsivity using their high
internal gain. However, these APDs typically require cooling
for low-intensity light detection due to their low bandgap, and
specialized techniques like zinc diffusion are needed to achieve
high breakdown voltage.!"’!

Conversely, Ings3Gag47As photo-FETs, which can be seam-
lessly integrated into the Si CMOS platform through wafer bond-
ing technology, have recently emerged as optical power monitors
or photodetectors with low operating voltage. These devices offer
remarkable responsivity and rapid response times, attributed to
their elevated electron mobility.">'* Furthermore, in our previ-
ous research, the responsivity of photo-FETs with metal reflector
gates in metal-oxide-semiconductor (MOS) structures was
improved due to the cavity effect of an MOS structure compared
to conventional Si gates."™! For further performance enhance-
ment, it is important to understand the effect of equivalent oxide
thickness (EOT) scaling, a common technique to improve the
electrical properties of MOSFETS. In this article, we investigated
the EOT scaling of wafer-bonded photo-FETs with a metal reflec-
tor by introducing a metal/Al,03/HfO,/InGaAs gate stack.
Using this technique, we demonstrated a 1.7-times-higher
responsivity compared with the Al,O; InGaAs photo-FET at
1.55 pm wavelength. Also, we thoroughly conducted an electrical
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and optical analysis of the photo-FETs with an Al,0;/HfO, gate
oxide to understand why the photocurrent is increased. Finally,
we compared the responsivity of devices with various channel
lengths and under different light irradiation conditions.

2. Experimental Section

The fabrication process flow of InGaAs photo-FETs with Al,O; or
Al,03/HfO, gate oxide layers is illustrated in Figure la. The
wafer-bonded III-V wafer, which consists of an unintentionally
doped (UID) indium phosphide (InP) buffer layer (50nm), a
UID-Ing 53Gag 47As etching stop layer (200 nm), a UID-InP etch-
ing stop layer (50 nm), a heavily doped N + InGaAs source/drain
(S/D) layer (50 nm) with a Si concentration of 1 x 10" cm™?, and
UID-InGaAs channel layer (50 nm), respectively, was grown on
an InP (001) substrate by the molecular beam epitaxy method.
The III-V wafer was imposed surface treatment with ammonia
(NH3) solution for 2min and ammonium sulfide [(NH4),S,]
solution for 5min to remove native oxide and achieve a high-
quality MOS interface.’®”! 1 nm-thick aluminum oxide/8 nm-
thick hafnium oxide (Al,03/HfO,) films were deposited by the
atomic layer deposition (ALD) method, using trimethylalumi-
num [(Al(CH;3)s)] and tetrakis(ethylmethylamino)hafnium
(HfIN(CH3)(CH,CH3)]4) and water (H,0) as precursors. 1 nm-
thick Al,O; was inserted between InGaAs and HfO, to achieve
the high-quality InGaAs MOS interface."® A 10 nm-thick Al,05
was also deposited for a control sample. We deposited similar
thicknesses for Al,05; and Al,O;/HfO, gate oxides to eliminate
the difference in cavity effect. The deposited samples were
annealed at 400 °C for 10 min to prevent void from the oxide
layers.'”) Then, 10 nm-thick tungsten (W) and 60 nm-thick gold
(Au) were deposited on a III-V wafer and 300 nm-thick silicon
dioxide (SiO,)/Si substrate. As mentioned before, we already
reported that W/Au plays the role of the metal reflector to
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enhance the cavity effect.' The I1I-V and Si wafers were acti-
vated by argon (Ar) plasma and then directly bonded under pres-
sure of ~0.25MPa at 200°C for 1h. The InP substrate was
removed with polishing and diluted hydrochloric acid (HCl) solu-
tion. The InGaAs and InP etching stop layers were eliminated by
the selective wet etching process with HCI:H,0,:H,0 (1:1:10)
and H3;PO,:HCI (3:1) solutions, respectively. The device pattern-
ing process was performed in the top-down etching process. The
N+ InGaAs S/D and UID-InGaAs channel layers were selec-
tively etched in H3POy solution due to the inserted InP etching
stop layer. This thin etching stop layer was eliminated by HCL
H3PO, solution. Each device was isolated by wet and dry etching.
The native oxide was eliminated by immersing dilute HCI solu-
tion for 1 min, and 30 nm-thick Al,03 was deposited with the ALD
for field oxide (FOX). The Al,O5 on the S/D region was etched by
buffered oxide etchant solution to connect N+InGaAs S/D and
Mo/Au Pad. The 20nm molybdenum (Mo)/200nm Au was
deposited with the e-beam evaporator to form a contact pad.
Finally, each sample was annealed at 250 °C for 1 min to achieve
low contact resistance and alleviate the fixed charge in FOX film.
Figure 1b shows a schematic diagram of a photo-FET illuminated
by a SWIR light source. The optical image of photo-FET with
AlyO; and Al,O;/HfO, gate oxide is shown in Figure 1c.

3. Result and Discussion

First, the electrical characteristics of the fabricated InGaAs
photo-FETs integrated on the Si substrate were investigated
using a semiconductor parameter analyzer (Hewlett Packard
4156A) and LCR meter (Hewlett Packard 4284A), as shown in
Figure 2. The black and red line indicates the electrical character-
istics of photo-FETs with Al,0; and Al,0;/HfO, gate oxide
layers, respectively. The 4~V curves of InGaAs photo-FETs
were plotted in Figure 2a, showing that the Al,0;/HfO, gate
oxide exhibits higher on-current rather than the Al,O5 gate oxide

(a) InP Sub
UID InGaAs
__!n?)_ -
© N+InGaAs

AL e
(41,0, HfO,) UID InGahs
ALO; ALO:

uID |IIG’IAS
InP
N+InGaAs
InP
UID InGaAs
InP Sub

1. Si Wafer/ InP Wafer

N+InGaAs

nP
UID InGaAs
ALO,
(A1,0, HfO,)

UID InGaAs
LUGH

(Al,0; HfO;)

|
sio,
Si sub

3. Device Patterning

(A0,

4. Fox formation &
S/D contact pad

10,

‘ Channel

i

Gate

Figure 1. a) Process flow of Ing s3Gag 47As photo-FET on Si substrate. b) Schematic image of a photo-FET. c¢) Microscopic image of a fabricated photo-FET

on Si substrate.
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Figure 2. Electrical characteristics of InGaAs photo-FET with Al,O3 and Al,03/HfO, gate oxide. a) lys—Vjs curve, b) Co—Vgs curve, c) per—Ns curve, and

d) Gm—V,s curve.

due to its higher dielectric constant. Figure 2b shows the gate-to-
channel capacitance (Cg) of each device, measured by the split
C-V measurement method. To remove parasitic capacitance
caused by the overlap between the gate and source/drain regions,
the oxide capacitance (C,y) was extracted by subtracting the total
capacitance of a 50 x 100 um? device from a 100 x 100 pm?
device. The C,, of the Al,0;/HfO, gate oxide is 1.8 times higher
than that of the Al,O; gate oxide. Figure 2c shows the relation-
ship between the effective mobility and surface charge density
(uerr—Ns) of InGaAs photo-FETSs using the following Equation (1):

_ I L
Hell = WCo (Vs — Vi) Vas
Cox(vgs - Vth)
q

(1)
N, =

where Iy is the drain-to-source current, L is the channel length,
W is the channel width, Vj is the gate-to-source voltage, Vg is
the drain-to-source voltage, Vy, is the threshold voltage of each
device, and g is the elementary charge.

The InGaAs photo-FET with Al,03/HfO, gate oxide presents
an effective mobility of 643 cm™2(Vs)™!, which is 1.4 times
lower than 872 cm ™2 (V)" for photo-FET with Al,O; gate oxide
at a surface concentration of 1 x 10'? cm™2. This result is attrib-
uted to the increased scattering issue at the stronger gate electric
field®” and is due to the unoptimized MOS interface. In the
equivalent MOS interface of Al,0; and Al,O3/HfO, gate oxide,
it is expected that the effective mobility of the same level or
higher can be achieved.”’! Generally, the effective mobility at
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the high electric field is degraded by the unintentional scattering,
in the case of extremely thin EOT™2l: thus, further engineering,
such as the superior MOS interface quality, is necessary to
achieve the high-performance photo-FET with Al,03/H{fO, gate
oxide. Also, the transconductance (G,,) of photo-FET is an impor-
tant factor in determining the performance of analog circuits and
photoresponsivity. Figure 2d shows the G~V curve of InGaAs
photo-FETs with Al,03/HfO, and Al,0; gate oxides. The photo-
FET with Al,O3/HfO, achieves a larger transconductance that is
1.3 times greater than photo-FET with Al,O; thanks to the EOT
scaling effect. Consequently, the Is—Vgs, CoxVis, pes—Ns, and
G~ Vgs show general electrical characteristics applied to EOT
scaling, which gate oxide changes to the higher-k dielectric.
The photocurrent (I,) characteristics of photo-FET with Al,03
and Al,0;/HfO, were investigated under illumination using a
1.55 pm wavelength light source. Figure 3a shows an optical
measurement setup based on a confocal microscope. The laser
beam was concentrated at the center of the channel region, as
shown in the inset image. This spot size is smaller than the
10 pm channel region since the calculated Airy disk diameter
of 6.3 pm; thus, the whole beam is included in the channel area.
Figure 4b shows the Iyq—Vgs characteristics of the photo-FETs
with Al,O; and Al,03/HfO, gate oxide under a dark state to a light
illumination state where its power is 155.86 pW. An increased
drain current was observed as the light power was increased.
We also calculated the photocurrent (Iph = Lijjumination—ldark) of
the photo-FETs with various channel lengths. Figure 4c shows
In—Vgs characteristics of the photo-FETs with Al,O; and
Al,0;/HfO, gate oxide, where dot and straight line are
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Figure 3. a) The confocal microscopy image. b) Iqs—V,s of photo-FET with Al,O; and Al,03/HfO, gate oxide. c) Comparison of I~V in various channel

lengths condition.
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Figure 4. a) Band diagram of photo-FET through the vertical cross-sectional direction in on-state. b) Relationship between threshold voltage shift (AVy,)
and irradiated optical power. c) Relationship between photocurrent (/) and dark current (Igar) of photo-FETs with Al,O3 and Al,O3/HfO, gate stacks.

photocurrent of Al,05 and Al,05/H{fO,, respectively. The photo-
current was more increased as channel length decreased. These
results are clearly understood through Equation (2), the increase
of photocurrent is based on increased conductance due to the
decreased channel length. Also, we observed that the photocur-
rent of Al,03/HfO, gate oxide is larger than Al,O; for all devices.

To understand these results, we will discuss the mechanism of
photocurrent generation of a photo-FET device based on the pho-
tovoltaic effect.”>**) As shown in Figure 4a, photo-generated
electron-hole pairs in the channel region are separated under
the applied electric field at the gate and accumulated on both
channel sides. The photo-generated electrons are relatively flow-
ing from the channel region to the drain region under the applied
drain bias as electron mobility in the InGaAs channel is much
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faster than the hole. In contrast, photo-generated holes are rela-
tively stacked in the channel body or source edge because of their
low effective mobility compared to electrons; thus, the threshold
voltage (Vip) is reduced, and more photocurrent is generated.
When the device is in the on-state (Vg > Vi), the photocurrent
generated by the photovoltaic effect is shown in Equation (2):

oI
Lhpy = 5> AV = GuAVy,
Vg 2
w
Gm = 7 Heff Cox Vds

L
where I, v is the photocurrent by photovoltaic effect, Gy, is the

transconductance defined by dI3s/d Vs, AVy, is a negative shift of

© 2024 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

5UB017 SUOLLILLIOD) BAIIBID 3|0 ddke 8L} AQ PaULBAOB 2 SOILE YO 138N J0 S9N 10} AIRId1] 8UIIUO AB|IA U (SUOIIPUOD-PL-SWLLBYLI0D"AB 1M Ae.q | pUI UO//SAIU) SUONIPUOD P SWLB 1 341395 *[7202/20/0T] U0 ARiqi7auiiuo A81im ‘AsIBAIIN BsUo A AQ 79900£202 €SSA/Z00T 0T/I0p/L0D" A8 | ARR.q 1 Ul uO//SANY WOl popeojumMoq ‘ST ‘20z ‘6TEIZ98T


http://www.advancedsciencenews.com
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

physica
status
solidi
[+))

www.advancedsciencenews.com

the threshold voltage, W/L is the channel width/length, pi.s is the
effective mobility, Coy is the gate capacitance, and Vy; is the drain
voltage. As shown in Equation (2), the G,,, and Vy, are important
factors to enhance the photocurrent. Especially, in the case of the
photo-FET with Al,0;/HfO, gate stack, improved photocurrent
was observed owing to its high transconductance, as shown in
Figure 2d.

However, to evaluate photocurrent accurately, we must also
consider the threshold voltage shift, in addition to the increase
in transconductance, as described in Equation (2). Therefore, we
also investigated whether changed gate oxide material influences
the cavity effect due to the variation of the gate dielectric con-
stant. The threshold voltage shifts (A Vy,) are induced by accumu-
lated holes at the body and source edge. The photocurrent (Ip,p)
and threshold voltage shift (AVy,) were investigated using a
20 pm-long channel length. Figure 4b shows the Vy, shift in var-
ious optical powers. The black and red dots are photo-FET with
Al, 05 and Al,03/HfO, gate oxide. Two photo-FET devices show
the same variation of threshold voltage (V4,). Figure 4c plots dark
current (Ig.n)—photocurrent (Iy) for both devices. The weakly
changed photocurrent in the equivalent dark current is that
the changed dielectric material has little effect on cavity effect
enhancement in the channel. Consequently, we confirmed that
the improved photocurrent has no direct relevance to the thresh-
old voltage shift, or cavity effect based on changed dielectric
constraints.

Additionally, the optical simulation with finite-difference
time-domain method was carried out to understand the absorp-
tion behavior in the photo-FET with the MOS cavity using
COMSOL Multiphysics because it is difficult to measure the
absorption in the thin InGaAs channel directly. The detailed sim-
ulation method is the same as our previous article.'” Figure 5a
shows the schematic of simulated photo-FETs. To evaluate the
influence of the gate oxides, the thicknesses and reflective indi-
ces of Al,03 and Al,03/HfO, were changed according to experi-
mental values measured by ellipsometry. For simplicity, in the
case of Al,0;/HfO, gate oxide, we considered it to be one oxide
layer with a refractive index of 2.0. As shown in Figure 5b, the
reflectance of photo-FETs is not changed by the EOT scaling in
this experiment because there are no differences in physical
thickness and reflective index. The simulated absorption in
the entire MOS cavity and InGaAs is also shown in Figure Sc.
We could not observe a significant difference in the absorption

Www.pss-a.com

rate between the two samples for the MOS structure and InGaAs
channel. From these results, we conclude that there is no signif-
icant enhancement in absorption by the EOT scaling, which is
well matched with the opto-electrical measurement, as discussed
in Figure 4.

Figure 6 shows the responsivity of photo-FET with Al,0; and
Al,03/HfO, gate oxide of various channels and optical powers.
The responsivity of each device was calculated by following
Equation (3):

. Iy

Responsivity (R) = pL. (3)
where P, is optical input power. Figure 6a shows the responsiv-
ity of the device with 10, 20, and 50 um channel lengths.
Figure 6b shows the responsivity from a feeble to a strong illu-
mination state for devices of 20 pm channel length. As shown in
the figures, the device with Al,05/H{fO, gate oxide shows higher
responsivity thanks to its improved transconductance as dis-
cussed before. Furthermore, the decrease in responsivity under
higher optical power can be attributed to the dominant photovol-
taic effects in the on-state. This effect results in nonlinear growth
of photocurrent with an increase in optical power!?®; thus, the
responsivity is decreased at strong light irradiation. Figure 6¢
shows the benchmark of responsivity among our Al,Os; and
ALO;/HfO, photo-FETs, InAs QW Photo-FET,™ InGaAs
Photo-FET,”® InGaAs PDs,*”) and extended InGaAs PD.*®! In the
case of detectivity, we previously reported up to 10'> cmHz /> W
in the case of Al,O; photo-FET”S]; however, further comprehen-
sive investigation on the detectivity with EOT scaling is neces-
sary. Also, we confirmed the rising and falling time under 0.2
and 1.0ms for these devices, respectively; however, there is
no significant EOT dependency (not shown). Therefore, further
investigation into the relationship between speed and structure
parameters such as EOT, gate length, and width is also necessary.
In conclusion, the EOT scaling is also useful to enhance the
responsivity of photo-FET.

4. Conclusion

We have demonstrated wafer-bonded Ings3Gag47As photo-FET
with a metal gate reflector using direct wafer bonding technology
for Si CMOS ROIC integration. The Al,03/HfO, gate stack was
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Figure 5. a) Sample schematic for simulation. b) The reflectance and c) absorption simulation of photo-FET with Al,03; and Al,O3/HfO,.
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Figure 6. Responsivity for the photo-FET with Al,O; and Al,O;/HfO, gate oxide in a) various channel lengths and b) optical powers. c) Benchmark of respon-
sivity of our AL,O3 and Al,O3/HfO, photo-FETs, InAs QW Photo-FET,! InGaAs Photo-FET,?® InGaAs photodiodes (PDs),””! and extended InGaAs PD.?#

introduced to enhance the electrical performance of photo-FET.
Its transconductance was improved up to 1.4 times higher com-
pared to the Al,O; control gate stack. The enhancement in pho-
tocurrent was also confirmed with the Al,O3;/HfO, gate stack
compared to the Al,O; gate stack because the transconductance
is one of the main factors of the gain of photo-FET. We also dis-
cussed the influence of the photovoltaic effect in this system,
which is another main factor of its gain. There is no significant
difference in the photovoltaic Vy, shift and simulated absorption
in the InGaAs channel layer. From these results, the cavity effect
in this experiment is not affected by the EOT scaling; thus, we
conclude that enhancement in transconductance is only the main
factor of performance enhancement. We believe these results are
useful for understanding the EOT scaling effect on the InGaAs
photo-FET to achieve a high-performance SWIR detector.
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