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ABSTRACT

This work presents an analysis of the temperature influence on the performance of a lateral thin-film SOI PIN photodi-
odes when illuminated by low wavelengths, in the range of blue and ultra-violet (UV). Experimental measurements per-
formed from 100K to 400K showed that the optical responsitivity of SOI PIN photodetectors is affected by temperature
change, being reduced at low and moderately high temperatures. Two-dimensional numerical simulations showed the
same trends as in the experimental results, and were used both to investigate the physical phenomena responsible for
the observed behavior as a function of the temperature as well as to predict the influence of silicon film thickness down-

scaling on the photodetector performance.

Index Terms: Silicon-on-insulator, PIN diodes, Photodetector, Temperature.

INTRODUCTION

The incidence of light in a semiconductor de-
vice promotes carriers generation, which can con-
tribute to the device current if the hole-electron pairs
do not recombine, but are quickly separated by the
action of an electric field. Taking advantage of this
effect, PN junctions are often used as photodetectors.
In these devices, electron-hole pairs are generated by
the incidence of photons and contribute to increase
the diode reverse current.

The width of the depleted region is then a
trade-oft between speed and sensitivity, i.e. it must be
large enough to allow for the absorption of a signifi-
cant number of incident photons, which will generate
carriers to contribute for the increase of photocurrent,
but sufficiently short to reduce the transit time for
drift of photogenerated carriers [1, 2]. A common
way to control the depleted region width is to use PIN
photodiodes [1]. PIN diodes consist of PN junctions
separated by an intrinsic (I) region [1] with length L,
which, in practice, may correspond to either a P-type
or N-type region with low doping level.

Optical detection at short wavelengths close to
blue and UV (A<480 nm) have many applications in
biomedical and environmental fields such as for DNA
concentration measurement, bacteria and protein
detection, and ultraviolet and ozone rates measure-
ments [3]. In addition, high density DVDs use a blue
wavelength of 405 nm, allowing increased storage
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capacity [4]. The absorption of light in semiconduc-
tors varies according to its thickness. Silicon devices
absorb light as a function of their thickness for wave-
lengths (A) up to 1100 nm [1]. Specifically for the
blue light, the absorption takes place near to the sur-
face in silicon. For instance, for A=400 nm the absorp-
tion depth is close to 0.1 um [1, 4]. In this case, the
remaining silicon substrate which is not used for pho-
todetection, only contributes to increase dark current
due to thermal carrier generation [5].

An efficient alternative to absorb short wave-
lengths with Si-based devices is to implement pho-
todetectors in thin silicon layers based on SOI wafers
[4]. With this purpose, lateral PIN photodiodes can
be easily obtained using a standard SOI CMOS stan-
dard process flow. Thanks to the thin silicon film and
the isolation promoted by the presence of the buried
oxide, these devices exhibit very low dark current,
high quantum efficiency and responsivity, which make
them suitable for high speed applications [4]. In addi-
tion, it allows for the co-integration with CMOS cir-
cuitry.

This paper presents an analysis of the operation
of lateral thin-film SOI PIN photodiodes for the
detection of short wavelengths, in the range of blue
and ultra-violet (UV), in a wide temperature range,
reaching the cryogenic regime. Experimental meas-
urements were performed from 100 K to 400 K and
two-dimensional numerical simulations were used to
investigate the physical phenomena responsible for the
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measured characteristics in the entire temperature
range. In addition, by using numerical simulations,
the thin silicon film had its thickness reduced, with the
purpose of predicting the performance of this pho-
todetector in more advanced technologies.

PHOTODIODES CHARACTERISTICS

Lateral interdigitated PIN diodes were imple-
mented in a SOI wafer following the process des-
cribed in [6]. After processing, the thin-film silicon
layer (tg;) features 80 nm, separated from the substrate
by a buried oxide (t,y) of 390 nm of thickness.
Additionally, a thick silicon oxide layer, and an anti-
reflection coating (ARC) of alumina (Al,O3) of 50 nm
(tarc) covers all devices. The intrinsic region of the
PIN diodes is actually a p-type lightly doped, keeping
the natural wafer doping concentration. The devices
thicknesses and doping concentration levels are sum-
marized in Table I.

Figure 1 presents a schematic cross-section of
one finger of a PIN photodiode studied in this work,
indicating thicknesses and other important dimen-
sions.

Table I. Lateral SOI PIN technological parameters.

Parameter
Silicon film thickness, tg; 80 nm
Buried oxide thickness, t,,, 390 nm
Passivation oxide thickness, t, 280 nm
Anti-refletion coating thickness, tagc 50 nm
Intrinsic region doping concentration, N, 1x1015 cm-3
P region doping concentration, N 1x1020 cm-3
N region doping concentration, Np 4x1020 cm-3
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Figure 1. Cross-section of one finger of an interdigitated PIN SOI
lateral photodiode

The length of the intrinsic region (L;) is a key
parameter in the design of a PIN diode [4]. While a
small intrinsic region could be desired, aiming to
increase collection of electron-hole pairs by reducing
the generated electrons-holes recombination, it would
also increase the dark current, due to the increase in the
number of fingers for a fixed total area. However, by
enlarging the intrinsic region, aiming to reduce the
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number of fingers and therefore dark current, the elec-
tron-hole recombination increases, causing the photo-
generated current to decrease. For the present technol-
ogy, it has been found that the best compromise
between dark and photogenerated current is obtained
for PIN diodes with I, around 18 wm. This corre-
sponds to the diffusion length of the carriers with an
effective lifetime of 0.1ps at room temperature in this
technology [4]. However in this case, diodes with
intrinsic length of 8um and 9pum were used, aiming to
reduce the recombination. Regarding the length of the
highly doped P and N regions, L, ,, it must be as small
as possible, aiming to maximize the intrinsic region
area, allowing to enhance the depleted zone and thus
increasing the generated photocurrent. However, their
minimum length is limited by the technology, which in
this case is 9 um, considering the contact and metal
interconnections minimum dimensions.

For this analysis, two interdigitated lateral PIN
diodes were characterized. The dimensions of the
measured devices are presented in Table II.

Table II. Dimensions of the measured SOI PIN photodiodes.

Intrinsic Total Total Area P, N regions
length, L; width, W length, Ly
0.25 mm?2
8 um 14.5 mm (500 pm x 500 pm) 9 um
1 mm?2

9 um 55.0 mm (1 mm x 1 mm)

Figure 2 presents an optical microscope image
of part of an interdigitated PIN SOI lateral photodi-
ode measured.

EXPERIMENTAL MEASUREMENT RESULTS

With the purpose of evaluating the perform-
ance of PIN diodes as photodetectors in a wide tem-
perature range, the devices were measured for tem-
peratures (T), ranging from 100 K up to 400 K. The
temperature has been controlled by using the Variable
Temperature Micro Probe System from MMR
Technologies [7]. For the electrical characterization,
the substrate has been grounded and the diode cur-
rent (I) measured as a function of the applied voltage
bias (Vp) using an Agilent 4156C Semiconductor
Parameter Analyzer, both in the absence of light and
when illuminated with different wavelengths (),
ranging from 397 nm (near UV) to 461 nm (blue).

The absolute current as a function of the
applied voltage, measured for the photodiode with
Li=9um, in the absence of light, is presented in Figure
3, for temperatures ranging from 100 K to 400 K. As
presented in this figure, the rise of temperature
increases the dark current (Ipspk) in several orders of
magnitude, as a result of increased thermal generation
of electrons [2].
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Figure 2. Optical microscope top view of an interdigitated PIN
SOl lateral photodiode measured in this work.
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Figure 3. Absolute dark current as a function of applied voltage
for a PIN photodiode with Li=9 pm, measured at different tem-
peratures.

Figure 4 presents the dark current of the diode
with L;=8um and smaller area. By comparing the
curves presented in Figures 3 and 4, one can note that
the dark current level is higher in the diode with lar-
ger W. In order to account for this difference, the
absolute dark current has been normalized by the
total width (|Iparg/W]) and is presented in Figure 5,
as a function of the temperature, for different V, val-
ues in the range between -0.75V and -1.5V.

As presented by the results in Figure 5, there is
no significant difference between the normalized dark
current of both diodes, indicating that the width does
not play an important role in Ipark and any difference
caused by the different intrinsic lengths is not observ-
able. In addition, Vp, barely influences the dark current,
which is rather stable with reverse bias, as can be also
seen in the |Ipapk| vs Vp curves in Figures 3 and 4.

The presented results also show that Ipsrx
reduces exponentially as the temperature is lowered.
However, this reduction can only be clearly seen down
to 250 K. Below this temperature the dark current
cannot be measured, due to limitations of the experi-
mental setup, which is not capable of measuring cur-
rent levels lower than tenths of pA. For the photode-
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Figure 4. Dark current and photodiode current under UV illumi-
nation, measured at different temperatures, at A=397 nm.
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Figure 5. Dark current normalized by the width as a function of

the temperature for photodiodes with L;=8 pm and 9 pm, for dif-
ferent Vp values.

tector operation, the dark current must be kept as
small as possible, as it acts as noise. Therefore, the
observed Ipark reduction suggests that higher signal-
to-noise ratio can be obtained for PIN photodiodes
operating at cryogenic regime.

Figure 4 also presents the photogenerated cur-
rent under near UV illumination (A=397 nm). Apart
from presenting higher values, it is clearly seen that in
comparison to the dark current, that varies several
orders of magnitude with temperature increase, the
reverse photodiode current under illumination is not
strongly temperature dependent. As in the case of
Ipark, the current generated by the incidence of light
has shown to be larger in the diode with [;=9 um due
to larger photosensitive area [7]. Therefore, for com-
parison purposes, the photogenerated current (1) has
been also normalized by the device width and is pre-
sented in Figure 6 as a function of temperature for dif-
ferent values of reverse applied voltage, under UV illu-
mination (A=397 nm). Even if the differences in width
are taken into account, the photodiode with larger L;
presents higher current level under illumination,
owing to the larger area for photons absorption
(intrinsic region). Despite the differences in the cur-
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rent level, the I, /W variation with temperature pres-
ents the same tendency, independently of the device
intrinsic length. According to the results in Figure 6,
the current generated by the incidence of short wave-
lengths suffers a decrease both at low and high tem-
peratures and presents a maximum around 275 K.

Differently from the dark current, which
showed to be independent of the applied Vp,, the pho-
togenerated current at high temperatures is affected
by the applied voltage. On the other hand, Vy, has
negligible effect on the photogeneration of current
for temperatures below 250 K.
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Figure 6. Normalized photogenerated current as a function of the
temperature for photodiodes featuring L;=8 ym and 9 ym, extract-
ed at different values of Vp, under UV illumination (A=397 nm).

Similar trend has been obtained when photodi-
odes were illuminated by blue and violet light, as
shown in Figure 7. This figure presents |In/W| »s T
curves measured for the photodiode with L;=8um
under blue and violet lights, with different wavelengths
and luminous intensities, at Vp=-1.0V and -1.5V. In
these curves it is possible to note that I increases at
higher temperatures, giving rise to a valley in the I, /W
vs T curves around T=350 K.
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Figure 7. Absolute normalized photocurrent |Ip/W| as a function
of the temperature, for the diode with Li=8 pm, illuminated with

blue (A=459 nm, 461 nm and 465 nm) and violet (A=413 nm) light
with different luminous intensities.
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NUMERICAL SIMULATION ANALYSIS

Aiming to investigate the physical phenomena
related to the observed experimental results and extend
the analysis for more advanced technologies, with
reduced silicon film thickness, two-dimensional numeri-
cal simulations of thin-film SOI PIN photodiodes were
performed with Atlas software [8].

All devices were simulated considering a steep
transition of the doping concentration at the boun-
dary of P, intrinsic and N regions and using the same
technological parameters as the experimental samples
(tg= 80 nm, t,y,= 390 nm, N,= 1x1020 cm3,
Nintinsic= 1x1015 cm3 and Np = 4x1020 ¢cm-3), with
L;=8 um. For the simulated devices, no ARC has been
included.

Physical models accounting for mobility (u)
dependence on doping concentration (N), tempera-
ture and electric field, bandgap narrowing (BGN),
Auger and SRH recombination, doping and tempera-
ture-dependent lifetime and incomplete carrier ioniza-
tion for the lightly doped region were included in the
simulation files. It is worthwhile noting that no opti-
mization of model parameters has been made, which
is beyond the scope of this analysis and may affect the
quantitative results but does not affect the qualitative
analysis. Illumination sources with blue (A=460 nm),
violet (A=410 nm) and UV (A=390 nm) wavelengths
were considered, all with power density of optical
beam of 1 mW /cm2.

A. Physical phenomena related to temperature
variation

Curves of current as a function of the applied
voltage, similar to those presented in Figure 4 were
simulated for temperatures ranging between 100 K
and 400 K, and under the incidence of different wave-
lengths. From these curves, the current as a function
of the temperature has been extracted and is present-
ed in Figure 8.

As shown in this figure, the simulated Ip/W
curves present the same tendency with temperature as
the measured data suggesting that the selected set of
physical models is able to describe the experimental
photodiode behaviour. It is worthwhile mentioning
that despite having the same power, UV illumination
results in larger photogeneration of carriers than blue
and violet ones. This effect is attributed to the silicon
thickness used in these simulations, which yields larg-
er responsitivity for A around 400 nm in comparison
to 470 nm [4]. In the presented curves, the current
generated by the incidence of UV light is approxi-
mately 2.64 and 1.42 times larger than for the blue
and violet ones, respectively, in the entire temperature
range. In order to identify the physical phenomena
responsible for the photocurrent variation with tem-
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Figure 8. Simulated Ip/W as a function of the temperature, for a

PIN photodiode with L;=8 pm, illuminated with UV, violet and blue
light with incident power of 1 mW/cmz2,

perature, simulations were performed with different
sets of physical models, considering A=390 nm. The
results are presented in Figure 9.

In this figure, the curve represented by closed
squares corresponds to the current obtained by using
the complete set of models described and used to
obtain the curves in Figure 8, while the open triangles
represent the current simulated neglecting all the
physical phenomena mentioned before. In this case, if
none of these effects were considered, quasi-constant
Ip »s T curves are obtained. As shown through the
curve with open diamonds, where no mobility or
bandgap narrowing effects are taken into account yet,
the current level and its increase at higher tempera-
tures are related to the carrier lifetime dependence on
doping concentration and temperature. However, if
only this effect is taken into account, the photogener-
ated curve shows to increase at low temperatures,
apart from being virtually constant at moderate tem-
peratures, which disagrees with the measured data.

However, if the bangap narrowing effect is
added to the simulation (open stars), a reduction of I
is obtained at low temperatures, since BGN in the
highly doped P and N regions becomes more pro-
nounced with temperature lowering [9]. This effect
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Figure 9. Simulated Ip/W vs T curves, considering A=390 nm with
incident power of 1 mW/cm2 and different sets of models.
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can be also noted by the curve represented in open
squares, that has been obtained neglecting only the
effect of lifetime dependence on N and T.

Finally, the I}, reduction observed at moderate-
ly high temperatures is related to the mobility degra-
dation caused by the temperature increase. On the
contrary, the mobility improvement at cryogenic tem-
peratures, partly compensates the current reduction
caused by the bandgap narrowing, as can be noted
through the comparison of the curves represented by
stars and closed squares.

B. Silicon film thickness influence on the
operation of SOI PIN Photodiodes

As the use of lateral SOI PIN diodes allow to
implement photodetectors integrated with CMOS cir-
cuits, it is important to know the behavior of these
devices for the implementation of photodetectors in
more advanced technologies, where the silicon film
thickness is reduced. With this purpose, two sets of
technological parameters were also used to simulate
the photodiodes. The first one features tg= 40 nm and
toxp= 145 nm, as in the 150 nm technology from Oki
Semiconductors [10] and the second one, tg=15 nm
and t,, = 150 nm, following the 65 nm technology
from IMEC [11]. The lengths and doping concentra-
tions for P, N and intrinsic regions were kept as in the
previous simulations.

Figure 10 presents the dark current as a func-
tion of the temperature, obtained for the three differ-
ent silicon film thicknesses. Due to numerical preci-
sion limitations, the simulator, very low current levels
are subjected to significant numerical noise [8]. For
this reason, it was not possible to simulate the dark
current of these devices for low temperatures.

Therefore, it was not possible to predict the
dark current below room temperature, as can be seen
in the presented curves. However, for high tempera-
tures the dark current presented the same increasing
tendency and little dependence on the applied vol-
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Figure 10. Simulated dark current as a function of the tempera-
ture for photodiodes with Li=8 pm, with different silicon film thick-
nesses, extracted at Vp = -1.0V and -1.5V.
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tage, as observed in the experimental curves shown in
Figure 5. The presented results also allow for noting
that there is a reduction of Ik for very thin silicon
film device in comparison to thicker ones.

Figure 11 presents the obtained current for the
three simulated silicon film thicknesses as a function of
the temperature, for A=460 nm (blue), 410 nm (violet)
and 390 nm (ultra-violet), extracted at V, = -1.0V. The
simulated results show that by thinning the silicon film
down, the photogenerated current decreases, as a con-
sequence of the reduction of the amount of absorbed
photons, independently on the incident wavelength.

From the results in Figure 11 and aiming to
verify the influence of the silicon film thickness in the
selectivity of the photodetector to the studied wave-
lengths, the ratio between the current generated by
UV and blue/violet light, at Vp=-1V, for tempera-
tures ranging from 100K to 400K, has been obtained
and is presented in Table III.
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Figure 11. Simulated Ip/W as a function of the temperature, for a
PIN photodiode with Li=8 ym and different silicon film thickness,
illuminated with blue (A), violet (B) and ultra-violet (C) light with
incident power of 1 mW/cm2.

e
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Table III. Ratio [(ID/W)UV / (ID/W)VIOLET] and [(ID/W)UV /
(Ip/W)gLyg] extracted from the curves simulated from 100K to
400K at Vp=-1V.

tgi [nm] (IoW)yy / (Io/W)vioLeT (Io/W)yy / (Io/W)gLue
15 1.792 + 0.010 3.906 + 0.057
40 1.627 = 0.008 3.324 + 0.057
80 1.421 + 0.002 2.637 + 0.015
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Reference [4] reports that for tg; around 80 nm,
the responsitivity for UV light is from 2 to 3 times larg-
er than for the blue one. The simulated results showed
that this selectivity increases with silicon film thickness
reduction, despite of the photocurrent reduction
observed in Figure 11. The photodiodes sensitivity to
UV light becomes larger in comparison to blue and vio-
let ones, increasing from 2.64 times to around 3.91
times larger when reducing tg; from 80 nm to 15 nm,
with A=460nm, and from 1.42 times to 1.79 times with
with A=410nm and the same tg; range.

Figure 12 presents the photodiode current nor-
malized by its room temperature (300K) value. These
curves show that as the silicon film is thinned down,
the current under illumination becomes less sensitive
to temperature reduction, mainly below 250K. On
the other hand, the current decrease with temperature
rise becomes more pronounced, as an effect of mobil-
ity reduction due to the thinning of the silicon film.
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Figure 12. |p/W normalized by its room-temperature value as a
function of the temperature, for different silicon film thickness, illu-
minated with blue (A), violet (B) and ultra-violet (C) light with inci-
dent power of 1 mW/cm2.

CONCLUSIONS

In this work the influence of the temperature
on the performance of lateral SOI PIN diodes for the
detection of short wavelengths, in the range of blue
and ultra-violet, has been presented. Experimental
results showed that the current generated by these
wavelengths incidence reduces both at cryogenic and
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moderately high temperatures, reaching a maximum
value around 250K-300K. Further temperature in-
crease is responsible for causing another current rise.
The dark current is significantly reduced by the tem-
perature lowering, indicating that these photodetec-
tors are able to provide higher signal-to-noise ratio in
the cryogenics regime.

Two-dimensional numerical simulations were
used to reproduce the experimental results and sho-
wed that the current reduction observed in the cryo-
genic regime is caused by the bandgap narrowing ef-
fect in the highly doped regions, which becomes more
pronounced with temperature reduction. On the
other hand, the photocurrent increase at high tem-
peratures is related to the doping and temperature de-
pendence of carriers lifetime. Numerical simulations
were also performed in order to extend the experi-
mental analysis to thinner silicon film technologies.
The simulated results indicate that the silicon film
thickness reduction causes both a decrease of the pho-
togenerated current, but also higher selectivity be-
tween UV and blue /violet wavelengths.
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