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Abstract—Photo-BIMOSFET (Bipolar Junction Metal-Oxide-
Semiconductor Field Effect Transistor) fabricated on SOI film was
proposed. ITO film is adopted in the device as gate electrode to reduce
light absorption. Depletion region but not inversion region is formed
in film by applying gate voltage (but low reverse voltage) to achieve
high photo-to-dark-current ratio. Comparisons of photoelectric-
characteristics executed among Vgx=0V, 0.3V, 0.6V, 0.9V and 1.0V
(reverse voltage V,x is equal to 1.0V for total area of 10x10um?). The
results indicate that the greatest improvement in photo-to-dark-current
ratio is achieved up to 2.38 at Vg=0.6V. In addition,
photo-BJMOSFET is compatible with CMOS integration due to big
input resistance.
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I. INTRODUCTION

OWADAYS, short distance optical communications and
emerging optical storage(OS) systems such as DVD
applications require fast (gigahertz to tens of gigahertz
bandwidth) and responsive photodetectors with high
photo-to-dark-current ratio increasingly[1]-[5]. Bulk silicon
detectors, however, hardly cope with these specifications,
mainly in regards to bandwidth, and nonintegrated detectors are
usually used due to high dark currents of photodiode and low
sensitivity of MOS structure(due to only one kind of carrier and
light-absorption of gate) in CMOS process under
0.25pum[6]-[9]. This limits the ultimate performances of optical
receivers circuits because of high bonding capacitor, cost, and
area, which is a limitation for the deployment of local-area
networks, interchip/intrachip interconnects, and for the first
mile ethernet[10].
Thanks to the particular silicon-on-insulator (SOI) structure,
as will shown and can be expected. Thin-film SOI integrated
detectors are excellent candidates to cope with speed and low
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dark current specifications [11],[12]. SOI technology has made
large progress after the first SOI photodiode with a dark current
of 0.1pA/lum  junction length was fabricated in
laser-recrystallized SOI technique. A fast SOI photodiode with
an area of 75x75um* and a dark current of 10pA under a
reverse bias of 5V was presented in a bonded and etched back
(BESOI) technique [13].Lateral PIN photodiodes fabricated on
SOI have been proposed recently. These diodes achieve a high
responsivity and then combine all the advantages of high speed,
low dark current, low capacitance (100times lower than bulk
fingers photodiodes of the same area which are the photodiodes
presently used in Blue DVD),and high sensitivity. Therefore,
SOI thin-film lateral photodiodes are candidates of high interest
for short distance optical communication [14]-[16]. However,
device parameters of actual SOl CMOS processes, the intrinsic
region, corresponding in fact to a P-doping of about 10"°cm™.
Thus, high reverse voltage must to be applied to achieve low
dark current, high photocurrent and responsivity.
Consequently, it is unable to cope with low-voltage operation.
Furthermore, it isn’t propitious to integration for the small input
resistance. No results for photosensitive devices based MOS
structure, however, have been reported so far.

In order to achieve low dark current and high photo-current
under low reverse voltage, photo-BJMOSFET (Bipolar
Junction Metal-Oxide- Semiconductor Field Effect Transistor)
based on SOI film compatible with CMOS process is proposed
presently. The structure of photo-BJMOSFET is very similar to
traditional MOS structure, but only ITO is applied as gate to
reduce light absorption. Recombination is reduced due to thin
film is in depletion but not inversion region under gate voltage
(but not high reverse voltage) to obtain low dark current and
high photo-current. Consequently, it can get high sensitivity
and responsivity. Furthermore, it is propitious to integration for
big input resistance. These performances are sufficient to
enlarge the applications of photosensitive device.

II. PRINCIPLE STRUCTURE ANALYSIS

Thin film SOI photo-BJIMOSFET realized in 0.18um SOI
CMOS technology with the parameters depicted in Fig.1. It is
shown that the structure is very similar to that of traditional
NMOS except a P'N injection junction is formed by using P
region instead of N region as drain. In addition, ITO is adopted
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as gate electrode to reduce the absorption loss of traditional
gate. The thin Si film thickness, dj;, is equal to 200nm, the front
oxide thickness, droy, is equal to 100nm, the buried oxide
(BOX) thickness, dgoy, is equal to 380um and the thickness of
substrate, d,,;, is equal to 1um. The length of the N" and P*
zones, Lpy, is equal to lum and L, the length of the channel
which typically corresponds to a P-doping of 10"°cm™, is equal
to 8um. In order to analyze the photoelectric characteristics,
classical loss mechanisms and gate voltage influence must be

depleted

dap Si Substrate

Fig. 1. Schematic cross-section of thin film SOI photo-BIMOSFET

2.1 Beam incident losses

Noting that P;, is the optical power density (by unit of area)
incident to the photo-BJIMOSFET, while P, is the part that is
absorbed by the device along the thickness (d;) of the

abc

collection area in the thin SOI film, the 77 = ratio strongly

depends on d; , the wavelength of the incident light and the
integrated loss due to absorption and reflection over the ray
path and is a constant to L. Therefore, Generation Rate
Formula is given by equation [17].

P2

c
where P;, is the optical power density (by unit of area), # is
efficiency ratio, K is the internal quantum efficiency, which
represents the number of carrier pairs generated per photon
observed, y is a relative distance for the ray in question, % is
Planck’s constant, 4 is the wavelength, ¢ is the speed of
light, o is the absorption coefficient in Silicon and is
wavelength dependent.

The absorption in ITO electrode is the main loss of incident
light. The deposition of ITO was performed in a vacuum
chamber, where the preliminary pressure was 1x10°Pa.
Sputtering was done at a pressure of 0.5Pa, at a constant power
of 100W. During the sputtering process, the temperature of the
substrates always was kept at 150 0 for 1.5 hours.
Measurements of transmittancea to the wavelength of ITO film
are presented in Fig.2. It can be seen that the transmittancea of
ITO film is higher than 80% for 4 from 500nm to 700nm, and
can be adopted as gate electrode to reduce light absorption.
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Fig. 2 Transmittancea to wavelength of ITO film which was deposited
on glass and plastic, respectively, with thickness of 100nm.

2.2 Gate voltage analysis
In photo-BIMOSFET, the depletion but not inversion region
is formed by Vg under lower Vy , the voltage between

electrode A and electrode K, in channel to decrease dark
current and increase internal quantum efficiency.

When no bias is applied (¥ x = 0), the charge per unit area

in the semiconductor under oxide Q. can be calculated using

Gauss's law

Oc =—2q&,N ; % )
—weldr 24/ b

e sy =g+ e Gy )

where ¢, &, N,, ¥y, and ¢f are the magnitude of the

electron charge, permittivity of the material, doping
concentration, surface potential, and Fermi potential of the

material, respectively. ¢, is thermal voltage and given by

kT
¢y =— (3)
q

where k is the Boltzmann constant, T is the absolute
temperature.

Expression for Vg can be obtained using Kirchhoff’s
voltage law
Vok =Vep +¥s + (4)
b =g v e N gy g

where Vyp is the flat-band voltage, the expressions for y is as

follows:

J2ge N
y :L (5)
Cox

with the oxide capacitance per unit area Cyy is given by

Sox

(¢
where Dy is the thickness of the oxide and &py is its
permittivity.

When V- >0, the surface potential at x position, ¥ (x),

varies throughout the channel. In this condition, the charge per
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unit area QC in the semiconductor under oxide can be

expressed

Q; =7 qusNA X
Gre Vs Ly (x)— gy + o 200 @)
><(¢Te[l//s(X)—V(X)]/vir —ws(x)— ¢T€—V(x)/¢r )

For the same reason, V5 can be written
Vx =Vig + 5 (x) 8)

+ eSO by (1)~ gy + e
x(l/te[% )=V (x)Vér _ ws(x)— ¢T6*V(X)/¢l )

From (4) and (8), the g (or y (x)) can be obtained
numerically for given Vg, and Vi . Then, the width of

depletion dg(V x =0) can be expressed

2¢
dp = / s
B C]NA Vs (9)

It is necessary to point out that the expression of
dp(x) (V, x >0) is analogous to (9), but only the wyg is

replaced by g (x) .

Additionally, it is worthwhile to note that the charge per unit
area in the semiconductor under oxide Q. is the sum of the
charge due to the electrons in the inversion layer O; and the
charge due to the ionized acceptor atoms in the depletion

region Qp :

Oc =0, +0p (10)

with

Op =qN 4dp (11
Equation (12) is Boltzmann distribution

n(x) = nie(l//(x)—¢p)/¢r (12)

where n(x) , n; , w(x) , respectively, are the electron

concentration at Xx position, the intrinsic concentration,
potential at x position.

In photosensitive BIMOSFET, we can similarly obtain the
Boltzmann distribution

~4r)/
Myurface =M eWs=0r)/ o1 (13)

where n is the electron concentration at the surface.

surface
In depletion region (which the photosensitive BIMOSFET

operating in), 7g,.qc.

is not larger than ;. As a consequence,
Oc is mainly due to Qp, and QO; can be ignored based on

ideal assumption.

Accordingly, using (2), (10) and (11), equation (4) can be
simplified as follows:
Vok =Vip +Ws +7\Vs (14)

Then, the surface potential i/ ¢ can be written as

2
2
/4 /4
= ——+,f—+V -V, 15
Vs 5 4 ok VB (15)

Equation (15) demonstrates that the V5 has no effort to the
surface potential in the depletion region. In the other word, the
V 4k only present a high electric field, but no contribution to

the variation of dp.

III. PHOTOELECTRIC CHARACTERISTICS

In the following calculation of photoelectric characteristics
in photo-BJIMOSFET, electric constants used here are:
g =1.602x10"°C, h=6.625x10"*, &,y = 3.45 x10"°F/cm,
Eg= 1.04x10"F/cm. The workfunction of ITO is equal to
4.95¢V and the workfunction of P-si doping of 10"%cm™ is

W, —W.
Ps _ Zm 75 0,02V (the
q q

parasitic charge of oxide is ignored). From (2) and (4), using
these parameters given above, we can yield V= 0.026V and

equal to 4.93¢eV, thus, the Vi =

y =0.53. From standard equation in substrate [ = N,

= nie¢F I9r , we can get @ =0.289V. Due to the photosensitive
BIMOSFET operating in depletion region bur not inversion
region, from the (13), we can obtain ¢ <2 ¢ /- Furthermore,

from (14), we can get Vi <1.0V. Fig.3 presents carriers

concentration in the film. It can be seen that the concentration
of electron at interface is equal to 10'°cm™ (this indicates
inversion region).

Eos

] b
&4 T S

44
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Fig. 3 Concentration of net doping, electron and hole in film at x=5um
when Vg is equal to 1.0V and Vi is equal to OV.

3.1 Responsivity

We performed 2D Atlas simulations of photo-BJIMOSFET
with different Vg . Typical results of photo-current to light
intensity are depicted in Fig. 4. It is demonstrated that the
photo-current increases rapidly at same light intensity from
Vek=0V to Vex=1.0V. From (15), depletion region but not
inversion region is formed in film under V=0V to Vgx=1.0V
to reduce recombination. However, in (14), influence of ¥ is
ignored. Curves in Fig.4 corresponding to Vg from 1.2V to
1.8V indicate that V,x have effect to wg and photo-current, but
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the influence is very small (can be ignored). Strong inversion is
formed in film due to increasing Vgx result in photo-current
decreasing as curves corresponding to Vg=2.1V and
Vok=2.4V presented in Fig.4. Therefore, the rang of Ve is
obtained from OV to 1.0V in discussion here.

Fig. 4 Curves of photo-current to light intensity which ranges from
OW/cm? to Sw/em? according to V=0V, 0.3V, 0.6V, 0.9V, 1.0V,
1.2V, 1.5V, 1.8V, 2.1V and 2.4V, respectively. The wavelength of
incident light, 4, is equal to 570nm.

As can be seen in Fig.5, the responsivity increases along with
increasing Vgg. At Vg=0.1V, the responsivity is up to
20mA/W.

Responsibility (A/W)

V)

Fig. 5 Curve of responsivity vs. Vg (wWhich ranges from 0V to 1V) for
L=8um, Lpy=1um, W=10um, d;=0.2um, A=570nm.

3.2 Sensitivity

It is demonstrated from equation (15), from V=0V to 1.0V,
the film under gate is in depletion region but not inversion
region. In depletion region, the carrier concentration is lower
than its equilibrium value and electrons and holes are then
generated. At room temperature, the dark current of the
photo-BJMOSFET is dominated by the thermal volume
(Shockley—Read—Hall) and surface generation current. The
contribution to the dark current of the other part of the device is
indeed about four orders of magnitude lower[18]. Fig. 6 shows
avery low value of dark currents to achieve a high ratio of more
than 107 between photo to dark current. Thus, the minimum
detectable power is lower than 107W/cm?.

3.3 Spectral response

To further investigate the photoelectric characteristics in
detail, the spectral responses were simulated, as shown in Fig.7.
As can be seen in Fig.7, full-widths at half-maximum (FWHM)
at different Vs are the same, which ranges from 290nm to
490nm. Just except the different photocurrent intensity due to

different depletion situation.

Dark current inlensaty (A}

%0 04 o8 a8 10
v, V)

Fig. 6 Curve of dark current intensity vs. Vgx (Which ranges from 0V
to 1V) for L=8um, Lpy=1um, d;=0.2um, 2=570nm.
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Fig. 7. Spectral responses corresponding to V=0V, 0.3V, 0.6V, 0.9V
and 1.0V, respectively.

The dark-current, photocurrent, and photo-to-dark-current
ratios under 5W/cm® light intensity and their improvement
ratios for photo-BJMOSFET are listed in Table I, which

TABLE
DARK-CURRENT, PHOTOCURRENT, AND PHOTO-TO-DARK-CURRENT RATIOS
UNDER SW/CM2 LIGHT INTENSITY AND THEIR IMPROVEMENT RATIOS FOR
PHOTO-BJMOSFET WITH L=8um, Lpxn=1um, Dg=0.2um.

Vek ov 0.3V 0.6V 0.9V 1.0V

Dark
current(A)
at W=10um
Improveme
nt ratio in 1 1.56 1.93 0.21
dark current
Photo
current(A)
at W=10um
Improveme
nt ratio in
photo
current
Photo-to-da
rk-current
ratio at
W=10um

1.13e-15  7.24e-16  5.85e-16  5.37e-15 4.8le-15

0.23

6.33e-8 6.78e-8 7.78e-8 7.87e-8 7.90e-8

1 1.07 1.23 1.24 1.25

5.6e7 9.36e7 1.33e8 1.45¢7 1.64¢7

Improveme
nt ratio in
photo-to-da 1 1.67
rk-current
ratio

0.26 0.29
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indicates that the greatest improvement in photo current is
obtained at Vx=1.0V. However, the greatest improvement in
dark current appears at Vx=0.6V and the greatest improvement
in a photo-to-dark-current ratio is achieved also at Vx=0.6V.
Furthermore, the darkcurrent is increased a little when
V6k>0.6V, thus demonstrating that the weak inversion region is
formed on the surface.

IV. CONCLUSION

ITO film which transmittancea is higher than 80% for 4 from
500nm to 700nm is adopted as gate in photo-BJMOSFET
fabricated on SOI film to reduce light absorption. Thin film is
in depletion but not inversion region by gate voltage.
Numerical simulations is performed by 2D Atlas corresponding
to V=0V, 0.3V, 0.6V, 0.9V and 1.0V with V,x=1.0V for total
area of 10><10,um2. The greatest improvement to Vgx=0V
(which is equivalent to lateral PIN but with lower reverse
voltage) in dark current and in photo-to-dark-current ratio are
up to 1.93 and 2.38, respectively, at V;x=0.6V. The greatest
improvement in photo-current (up to 1.25) is obtained at
Vex=1.0V. The FWHM ranges from 290nm to 490nm and the
minimum detectable power is lower than 107W/cm’.
Furthermore, photo-BJMOSFET is propitious to integration for
big input resistance. Consequently, photo-BIMOSFET
fabricated on SOI film could be widely adopted in low dark
current and responsive integrated photodetectors.
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