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This work reports on three speed optimized pnp bipolar phototransistors build in a standard 180 nm
CMOS process using a special starting wafer. The starting wafer consists of a low doped p epitaxial layer
on top of the p substrate. This low doped p epitaxial layer leads to a thick space-charge region between
base and collector and thus to a high �3 dB bandwidth at low collector–emitter voltages. For a further
increase of the bandwidth the presented phototransistors were designed with small emitter areas result-
ing in a small base-emitter capacitance. The three presented phototransistors were implemented in sizes
of 40 � 40 lm2 and 100 � 100 lm2. Optical DC and AC measurements at 410 nm, 675 nm and 850 nm
were done for phototransistor characterization. Due to the speed optimized design and the layer struc-
ture of the phototransistors, bandwidths up to 76.9 MHz and dynamic responsivities up to 2.89 A/W were
achieved. Furthermore simulations of the electric field strength and space-charge regions were done.

� 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.
1. Introduction

Photodiodes and phototransistors are the most commonly used
photodetectors. By providing an additional gain, phototransistors
are more suitable in some applications than photodiodes like for
instance in low light scenarios. Nowadays photodetectors are built
in silicon processes (these can also be standard CMOS or BiCMOS
processes) or as III–V compound devices. Photodetectors
integrated into standard silicon-based processes have several
advantages over photodetectors realized in special silicon or III-V
compound technologies. The main advantage of the implementa-
tion into a standard silicon process is the possibility for a cheap
mass production of detector and circuitry together. The potential
to combine the photodetector together with the readout circuitry
to optoelectronic integrated circuits (OEICs) introduces further
advantages of integrated solutions over wire-bonded solutions,
due to the absence of bonding pads and bonding wires leading to
less parasitic [1].

The physical property of silicon allows the material to be sensi-
tive for wavelengths between 300 nm and 1100 nm. Light within
this wavelength range will penetrate into the silicon and will be
absorbed in it. Depending on the wavelength of the light, each
photon can create one or more electron–hole pairs. A photon can
create more than one electron–hole pair only if it is a high energy
fax: +43 1 58801 9354624.
. Kostov), wolfgang.gaberl@
.ac.at (M. Hofbauer), horst.

Y-NC-ND license.
photon (corresponds to wavelengths below 375 nm) [2,3].
However, the photon can also be absorbed by free carriers without
generating an electron–hole pair (free carrier absorption) [4].
Nevertheless, if silicon photodetectors are used in the visible and
near-infrared range (400–900 nm), literature shows, that both
mentioned effects can be neglected. Therefore for the visible light
range the generation rate G of electron–hole pares in silicon can
be simplified to [1]:

Gðx; kÞ ¼ U0aðkÞe�aðkÞx ð1Þ

The generation rate G is dependent on the depth x from the
semiconductor surface, on the wavelength k, on the photon flux
U0 of the incident light and on the absorption coefficient a. The
absorption coefficient a decreases strongly for increasing wave-
length k. To give two relevant examples: blue light (e.g. 430 nm)
is absorbed in depths up to 0.2 lm while near infrared light (e.g.
850 nm) has a 1/e penetration depth of about 16.6 lm [1]. In a
biased photodetector the electrical field separates the carriers.
The wavelength dependent penetration depths lead to a wave-
length dependent distribution of the total photocurrent into a drift
and diffusion part, which further leads to wavelength dependent
bandwidths and responsivities.

Photodiodes are the most common photodetectors. They can be
implemented as a pn-junction or a pin-junction device. The differ-
ence between both structures is the additional low doped layer in
the pin photodiode. In the junction region of the photodiode a
space-charge region is formed. The space-charge region is thicker
for the pin photodiode due to the additional low doped layer
between the anode and cathode. For a vertical pin photodiode this
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will lead to a higher responsivity for deeper penetrating light and
typically to a higher bandwidth since the drift current part is in-
creased. PN photodiodes can be built in three different ways in a
standard CMOS process using a p wafer: n-well/p-substrate, n+/
p-substrate and p+/n-well. These diodes are characterized by a thin
space-charge region and thus a small drift photocurrent, which
leads to a relatively small bandwidth due to a large contribution
of a diffusion current from photocharges generated below the
space-charge region. However, by adding a thick intrinsic layer be-
tween the photodiode’s anode and cathode, a thick space-charge
region is formed and thus also a thick drift zone. A thicker drift
zone leads to a larger fraction of drift current compared to diffu-
sion current, which leads furthermore to higher bandwidths for
low bias voltages. The advantage of higher bandwidths in pin over
pn photodiodes makes them the most commonly used detector for
high speed optical applications, for example in optical receivers [5].
Such a vertical pin photodiode with a �3 dB bandwidth of 2.8 GHz
at VD = 20 V and 0.2 A/W for 850 nm responsivity is presented in
[6]. Another vertical pin photodiode with a responsivity of
0.135 A/W for 850 nm and a bandwidth of 1.6 GHz at VD = 15.5 V
is presented in [7] Furthermore pin photodiodes can also be imple-
mented as lateral devices. In [7] lateral pin photodiodes with
responsivities up to 0.15 A/W for 850 nm and bandwidths up to
3.1 GHz at VD = 15.5 V are presented. For comparison the pn photo-
diodes presented in [8] reach a bandwidth of 80 MHz at VD = 8 V
and responsivities of 0.215 A/W and 0.15 A/W for 650 nm. As can
be seen on the presented values, photodiodes can achieve only
small responsivities in the range of 600–800 nm. This is due to a
maximum quantum efficiency of g = 1. However, the maximum
quantum efficiency cannot be reached in real devices due to reflec-
tion of the light at the surface as well as recombination of the
photogenerated charges in the silicon.

Photodetectors with an inherent current amplification are
introduced by avalanche photodiodes and phototransistors. Due
to their inherent current amplification these photosensitive de-
vices can improve the quantum efficiency limitation of photodi-
odes and reach values for g larger than 1.

Avalanche photodiodes achieve their inherent current amplifi-
cation by an avalanche multiplication process. The drawback of
this process is that voltages in the range of several tens of volts
are needed to achieve sufficient electrical field strength for the
inherent current amplification [9]. High voltages are a problem in
integrated circuits and even more in modern low-voltage pro-
cesses. However, new kinds of avalanche photodiodes, so called
SPADs (single-photon avalanche photodiodes), can operate at
smaller voltages than the standard avalanche photodiodes. In
[10] two kinds of SPADs are presented with break-down voltages
of 23.1 V and 16.1 V, respectively. The very narrow bias voltage
range for linear operation of APDs and SPADs is a further disadvan-
tage of these kinds of photodetectors.

Phototransistors have the big advantage over APDs that they do
not need high voltages for their inherent current amplification. In
BiCMOS, quite fast vertical npn phototransistors with responsivi-
ties of 2.7 A/W at 850 nm (due to the thin base–collector space-
charge region) were reported [11]. Another BiCMOS SiGe photo-
transistor with a responsivity of 5.2 A/W at 850 nm is presented
in [12]. In CMOS technology different types of phototransistors
can be built, e.g. vertical bipolar phototransistors [13–18], lateral
bipolar phototransistors [19], photo-MOSFETs [20], and so on. Ver-
tical bipolar phototransistors with bandwidths up to 14 MHz and
responsivities up to 98 A/W at 675 nm are presented in [13] and
[14]. The CMOS lock-in amplifier presented in [15] uses pnp photo-
transistors with bandwidths of a few 100 kHz. Ref. [16] describes a
pnp phototransistor with a bandwidth of 7.8 MHz at 638 nm. In
[17] a photodiode and a npn phototransistor in a 65 nm CMOS pro-
cess are presented. The phototransistor achieves a responsivity of
0.34 A/W and a bandwidth of 150 kHz. This work describes ex-
tended results of the phototransistors presented in [18].

2. Working principle

A vertical pnp phototransistor is formed in a CMOS process by
implementing an n-well (base) in the p-substrate (collector) and
a p+-source/drain (emitter) in the n-well. Fig. 1a depicts the
cross-section of a conventional pnp bipolar phototransistor. The
pnp phototransistor can be used only in emitter-follower configu-
ration since the substrate forms the collector. The phototransistor
can be described as a photodiode (base–collector junction) and an
internal bipolar junction transistor for the current amplification.
Light with long wavelength penetrates deep into silicon and gener-
ates most charges in the base–collector space-charge region. There
the charges are separated and electrons are swept into the base
and holes into the collector. The electron accumulation in the base
makes the potential of the base more negative, thus the forward
bias voltage of the base-emitter diode increases and injection of
holes from the emitter into the base becomes stronger. A large part
of the injected holes can diffuse through the thin base and reach
the base–collector space-charge region at the other end of the base
area. This process leads to the amplification of the primary photo-
current. The inherent current amplification b is the relation be-
tween the collector current IC and the primary photocurrent IPH.
Further literature on conventional CMOS phototransistors can be
found in [1,21,22].

3. Methodology

We present three speed optimized pnp PIN phototransistors
with sizes of 40 � 40 lm2 and 100 � 100 lm2. The phototransis-
tors are built in a 180 nm CMOS process without any process mod-
ification and have been fabricated by LFoundry. For achieving high
bandwidths a special wafer was used. This wafer consists of a p+

substrate with a low doped (5 � 1013 cm�3) p epitaxial layer grown
with a thickness of 15 lm on it. A thick base–collector space-
charge region is formed therefore even at low voltages due to the
present low doped p epitaxial layer. The PIN structure of the
base–collector diode has the same properties like the mentioned
PIN photodiodes in Section 1 and leads therefore to a fast separa-
tion of the photogenerated charges. As a consequence of the thick
space-charge region the drift portion of the photocurrent for deep
penetrating light rises and leads therefore to a higher responsivity
compared to a conventional bipolar phototransistor like the one
presented in [15].

The bandwidths and the responsivities of the phototransistors
depend also on the layout properties of the base and emitter area.
Eq. (2) shows the relationship between the �3 dB bandwidth of the
phototransistor and the physical properties of the phototransistor
[21]:

f�3dB ¼
1

2pb � sB þ kBT
qIE
ðCBE þ CBCÞ

� � ; ð2Þ

where f�3dB is the �3 dB bandwidth of the phototransistor, b is the
forward current gain of the phototransistor, sB is the base transit
time, kB is the Boltzmann constant, T is the absolute temperature,
q is the elementary charge, IE is the emitter current of the photo-
transistor, CBE is the base-emitter capacitance and CBC is the base–
collector capacitance.

The �3 dB bandwidth depends on both space-charge region
capacitances CBE and CBC, current gain b, base transit time sB and
the emitter current IE. In case of large capacitance values the
�3 dB bandwidth is mainly dependent on both space-charge re-
gion capacitances CBE and CBC. For fast phototransistors a reduction



P. Kostov et al. / Solid-State Electronics 74 (2012) 49–57 51
of these capacitances is desired. In our presented phototransistors
the capacitance CBC is small compared to common phototransistors
(e.g. Fig. 1a) due to the implemented thick low doped p epitaxial
layer. Furthermore, a diminution of the capacitance CBE is achieved
by reducing the emitter area. Regarding the base doping two con-
trary effects have to be mentioned. On the one hand a reduction of
the doping concentration in the base can lead to an increase of the
bandwidth since both space-charge regions will reach deeper into
the base leading to wider space-charge regions and thus smaller
capacitances CBE and CBC. As a second consequence of larger
space-charge region, the effective base width W becomes shorter
leading to a reduced base transit time sB and thus also to an in-
creased bandwidth. On the other hand, thicker space-charge re-
gions will cause a reduction of the electric field strength inside
the space-charge regions for the same potential conditions, leading
to a slower device since the velocity of the charge carriers in the
space-charge region will be reduced. This can be seen from the
simulations in Section 5.1. Furthermore the reduction of the base
doping concentration leads to a higher inherent current gain b
and thus to a higher collector and emitter current IC and IE. The
higher emitter current will cause according Eq. (2) a higher
bandwidth. Hence it follows that for phototransistors with
generally small junction capacitances (e.g. optimized emitter
layout, PIN structure) the frequency behavior of the device
becomes more dependent on the other parameters like b, sB and
IE. A further increase of the bandwidth can be achieved by reducing
the existing perimeter capacitance and further by reducing the
size of the whole phototransistor. A reduction of the perimeter
capacitance was achieved by adding a 3 lm gap with low doping
between the n-well base and the p-well collector contact.
However, the bandwidth of the PIN phototransistor is lower than
the bandwidth of the PIN photodiode due to the both junction
capacitances and the base transit time sB which is no issue in the
photodiode.

As mentioned above, the bandwidth will increase when reduc-
ing the emitter area. On the other side, a smaller emitter area re-
sults in a smaller responsivity if the whole device is illuminated.
The reason for the smaller responsivity is the higher charge recom-
bination probability due to a longer travel distance. Charges which
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Fig. 1. 3D depiction and cross section of the phototransistors: (a) common pnp phototran
100BEdgeE and (d) 100BQuadE.
are not generated directly under the emitter have to travel longer
distances through the base to reach the base-emitter junction.
These charges will contribute to the photocurrent only if their life-
times are longer than the time they need to reach the base-emitter
space-charge region. Regarding the responsivity the base doping
concentration plays also a crucial role. For a smaller base doping
concentration a thinner effective base width W is formed leading
to a decreased travel distance of the generated charges through
the base. This increases the probability for the charges to reach
the base-emitter junction and thus also increases the inherent
current amplification b. The inherent current amplification b is
proportional to the emitter doping concentration NE and the
Gummel number NG, which describes the doping concentration
NB of the base [22]:

NG ¼
Z w

0
NBðxÞdx; ð3Þ

b / NE

NG
ð4Þ

As a consequence we can say that for achieving high responsiv-
ities the phototransistors should be designed with a large emitter
over the whole photosensitive area together with a low doped
base. Whereas for achieving higher bandwidths the phototransis-
tors should be designed with very small emitter areas together
with tendencially higher doped bases. It should be furthermore
mentioned that by reducing the doping concentration of the base
the probability for reach-through between collector and emitter
increases, which should be avoided. However, the presented pho-
totransistors are designed for high bandwidth applications and
are implemented thus with small emitter areas. In the measure-
ment section of this paper it can be seen that no reach-through
arises for even high collector–emitter voltages.

4. Implemented phototransistors

The three realized phototransistor versions (Fig. 1b–d) were
built in 40 � 40 lm2 and 100 � 100 lm2 and have due to different
layout designs of base and emitter different characteristics:
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sistor integrated in CMOS technology, PIN PNP phototransistors: (b) 50BCenterE, (c)
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Fig. 2. Simulated electric field strength for the 50BCenterE phototransistor at three
different VCE voltages.
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� 50BCenterE: This phototransistor was designed with a striped
base. These n-well stripes have a width of 0.5 lm and are sep-
arated by 0.5 lm wide gaps between them. During the fabrica-
tion the n-well stripes will diffuse due to the thermal budget
into one single layer with the half doping concentration of a
base consisting of a full n-well. This is also the reason why this
device is called 50BCenterE. The emitter of this device has the
size of 0.74 � 0.74 lm2 and is placed in the center of the photo-
sensitive area.
� 100BEdgeE: As can be seen from the name, this device consists of

a full n-well base and an emitter at the edge of the photosensi-
tive area. It has a slightly larger emitter area compared to the
50BCenterE phototransistor due to the demands of the design
rule specifications. The emitter area has a size of 2.18 �
0.32 lm2 and is formed by a p+ drain/source implant. The idea
for having the emitter at the edge of the photosensitive area
is based on the idea of implementing an anti-reflection layer
and an optical window etch on top of the photosensitive area
and thus increasing the responsivity of the device. However,
for a better comparison devices without an optical window
edge were used.
� 100BQuadE: This device has a similar layout as the device pre-

sented before. The difference between both phototransistors is
that this device has four separate emitter areas. Each emitter
area is placed in the center of each quadrant of the photosensi-
tive area. All emitter areas are connected with minimum width
metal lines on top of the phototransistor.

5. Results and discussion

We characterized the presented phototransistors by optical DC
and AC measurements. Optical DC measurements were done using
a laser with 850 nm wavelength for the characterization of the
phototransistors output characteristic and DC responsivity. Also,
the spectral responsivity over the whole visible light spectrum
was measured. Dynamic responsivity and bandwidth measure-
ments of the phototransistors were done at 410 nm, 675 nm and
850 nm, respectively. The following equipment was used for the
characterization of the phototransistors: the three mentioned laser
sources, a monochromator for measuring the spectral responsivity,
an optical attenuator and optical power meter for monitoring the
light power, source-meter-units (SMUs) for applying voltages and
measuring current, an oscilloscope for measuring the AC respon-
sivity and a vector network analyzer for measuring the frequency
step response, respectively. All optical paths were calibrated with
a fast optical reference photodiode. Furthermore the electric field
strength and the space-charge regions of the phototransistors were
simulated.

5.1. Electric field strength and space-charge region simulation

Electric field strength and space-charge region simulations
were done in order to make clear the variations between different
collector–emitter voltages VCE and different base doping concen-
trations. The phototransistor 50BCenterE was simulated in dark
light conditions at VCE = �2 V, �5 V and �10 V always with floating
base. Fig. 2 depicts the electric field strength in this phototransis-
tor. In this figure the thick drift zone of the base–collector space-
charge region and the strength of the electric field are noticeable.
The peaks close to Y = 0 lm are due to the contacts of collector,
base and emitter of the phototransistor. For a better comparison
of the electric field strength in the base–collector space-charge re-
gion for the three collector–emitter voltages the electric field
strength was limited in the plot. Strong electric field strength peaks
in the contact region are not shown to improve the scaling of the
overall picture. The electric field strength in the base-emitter
space-charge region reaches 35 kV/cm. The borders of the space-
charge regions for the 50BCenterE phototransistor are depicted in
Fig. 3. The phototransistor was simulated with a single n-well layer
with the half doping concentration since the n-well stripes of this
device will diffuse during the production into a single layer. Recog-
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nizable is the difference in the thickness of the base–collector
space-charge region due to different collector–emitter voltages.
In Fig. 4 the difference of the electric field between the 50BCenterE

and 100BEdgeE phototransistor is depicted. Due to the lower dop-
ing concentration inside the base it is apparent that the 50BCenterE

phototransistor has wider space-charge regions but lower electric
Table 1
DC responsivity in A/W for the three 100 � 100 lm2 phototransistors for three different col

Popt = �37.7 dBm

VCE = �2 V VCE = �5 V VCE = �1

50BCenterE 6.12 6.23 6.37
100BEdgeE 3.50 3.51 3.52
100BQuadE 3.57 3.57 3.59

Table 2
Dynamic responsivity in A/W for the three 100 � 100 lm2 phototransistors for two differ

k = 410 nm k = 675

VCE = �2 V VCE = �10 V VCE = �2

50BCenterE 0.45 0.48 1.93
100BEdgeE 0.47 0.51 2.06
100BQuadE 0.71 0.74 2.81
field strength compared to the 100BEdgeE phototransistor. Thinner
space-charge regions and thus higher electric field strengths in
them will lead to a faster drift component. This can be seen in
the bandwidth results section (Section 5.3.2).

5.2. DC characterization

The DC characterization was split in two different measurement
setups. First, the output characteristics were characterized and sec-
ondly the spectral responsivity was measured.

5.2.1. IC vs. VCE curve family and responsivity at 850 nm
For the characterization of the IC vs. VCE curve family (output

characteristics) a light source with 850 nm wavelength was used.
The operating point was changed by sweeping the collector–emit-
ter voltage VCE from 0 V to �13 V and the optical power between
�37.7 dBm and �8.3 dBm. Thereby the light power was changed
by an optical attenuator and monitored via an optical power meter.
A source-meter-unit (SMU) was used on one hand to change the
collector–emitter voltage and on the other hand to measure the
collector current, respectively. The base contact was left floating.
Fig. 5 depicts the output characteristics of the 100 � 100 lm2

50BCenterE phototransistor. In this figure, it can be seen that for
voltages VCE up to �13 V no reach-through occurs. All other devices
show an almost similar output characteristic like the depicted one.
lector–emitter voltages at 850 nm and an optical power of �37.7 dBm and �15.5 dBm.

Popt = �15.5 dBm

0 V VCE = �2 V VCE = �5 V VCE = �10 V

2.01 2.03 2.07
2.00 2.02 2.05
2.63 2.65 2.68

ent collector–emitter voltages at 410 nm, 675 nm, 850 nm and floating base.

nm k = 850 nm

V VCE = �10 V VCE = �2 V VCE = �10 V

1.95 1.34 1.36
2.08 1.40 1.50
2.89 2.20 2.34
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The calculated DC responsivity for the 50BCenterE and the
100BEdgeE 100 � 100 lm2 phototransistors at VCE = �10 V is de-
picted in Fig. 6. The responsivity decreases for increasing optical
light power due to a reduced gain in the phototransistor, which
is caused by a change in the operating point as described in [13].
Thereby the higher optical light power induces a high collector
current IC which leads to a current density being larger than the
critical current density jc � NC (NC is the collector doping concen-
tration) given by the Kirk effect [23,24] (also called base push
out effect). Due to the doping concentration of 5 � 1013 cm�3 in
the collector layer (this is the thick p-epitaxial layer) instead of
usual collector doping levels above 1015 cm�3, the critical current
density is reduced by about two orders of magnitude. Therefore,
even at rather low collector currents, the current gain b reduces
with increasing optical input power.

At weak optical light power the 50BCenterE phototransistor
shows a higher gain due to the lower doped base and thus a higher
inherent current gain b. Phototransistor 100BQuadE has due to
more emitter area a little bit higher responsivity as the 100BEdgeE

phototransistor. For all phototransistors the responsivity does not
change much for different VCE, since the collector current IC is less
dependent on different VCE in the forward active region (see Fig. 5).
In Table 1 the DC responsivities for the three 100 � 100 lm2 pho-
totransistors at different VCE and different optical light power are
shown.
5.2.2. Spectral responsivity
The spectral responsivities of the phototransistors were mea-

sured by means of a monochromator. It was used to sweep the
wavelength of the light from 400 nm to 900 nm. The optical light
power of the monochromator changes thereby between �35.7
dBm and �26 dBm as depicted in Fig. 7a. The optical output power
of the monochromator with attached optical fiber was measured
with a calibrated reference photodiode. Then the fiber was ad-
justed to the phototransistors, whereby all light fell into their light
sensitive area. A SMU was used to set the collector–emitter voltage
and to measure the emitter current. The responsivity was then cal-
culated from the measured emitter current and this incident light
power. Fig. 7b shows the responsivity of the 50BCenterE and the
100BEdgeE 100 � 100 lm2 phototransistors at VCE = �2 V. The pho-
totransistor 50BCenterE shows a higher responsivity compared
with the 100BEdgeE phototransistor (compare with Fig. 6). A max-
imum responsivity is measured for all phototransistors in the red
wavelength range. The oscillations, which can be seen in the spec-
tral responsivity, are due to the influence of optical interference in
the full oxide and passivation stack. They can be avoided by apply-
ing an optical window etch step together with an antireflection
coating on top of the photosensitive area.
5.3. AC characterization: responsivity and bandwidth

AC responsivity measurements of the phototransistors were
done at three different wavelengths: 410 nm, 675 nm and
850 nm. By using the same optical light power for the mentioned
wavelengths different collector currents IC will arise on the one
hand due to different responsivities at each wavelength and on
the other hand on different energy per photon for different light
color. Therefore a comparison of the individual wavelengths would
not be absolutely correct since the phototransistor would operate
in various operating points for different wavelengths. For a better
comparison, an alignment of the optical light power was applied
to meet the same collector current IC. Thus the mean optical light
power at 410 nm was set to �12.7 dBm, at 675 nm it was set to
�19.2 dBm and at 850 nm it was set to �15.8 dBm. Due to the used
laser sources the extinction ratio was 2.00, 2.74 and 1.48 for
410 nm, 675 nm and 850 nm, respectively. During the AC charac-
terization also different operating points were used for the photo-
transistors. Additionally the collector–emitter voltage VCE was set
to �2 V, �5 V and �10 V and the base current IB was varied from
floating condition (0 lA) to 1 lA, 2 lA, 5 lA and 10 lA. A bias-
tee element together with an on-chip base-resistor was used to
set the different operating points.
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5.3.1. AC responsivity
The dynamic responsivity was measured for the three men-

tioned wavelengths at a frequency of 630 kHz. The phototransis-
tors were connected in emitter follower configuration and their
output signal was capacitively coupled to the oscilloscope via a
bias tee element. All phototransistors achieve rather small respon-
sivities mainly due to the small emitter areas. These small emitter
areas implicate a higher recombination probability of the charges
inside the base area. This is caused by the fact that the charges
have to travel longer distances to reach the emitter area. Only
charges which are generated directly under the emitter have to
pass only a short distance through the base to reach the base-
emitter space-charge region. However, the phototransistors pre-
sented here are designed for achieving high bandwidths. In Table
2 the dynamic responsivities for the different phototransistors at
different collector–emitter voltages VCE, floating base and different
wavelengths are presented. The highest responsivity of 2.89 A/W is
achieved for the 100BQuadE phototransistor at VCE = �10 V and
675 nm. By applying the above mentioned base currents the
responsivity slightly decreases. This is caused by an arising base-
push out effect and a reduced current gain b due to high base cur-
rents [23,24]. Due to the demands of the design rule specifications
the 100BEdgeE phototransistor has a slightly larger emitter area
which results also in a slightly higher responsivity compared to
the 50BCenterE phototransistor.
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Fig. 10. Frequency response of the 40 � 40 lm2 100BEdgeE phototransistor at
410 nm, 675 nm, 850 nm and VCE = �10 V.
5.3.2. Bandwidth
The bandwidth characterization of the phototransistors was

done by the means of a vector network analyzer (VNA). The photo-
transistors 50BCenterE and 100BEdgeE show nearly the same band-
widths. Phototransistor 100BQuadE achieves lower bandwidths due
to more emitter area and thus a larger base-emitter capacitance
CBE. For the 50BCenterE phototransistor the high bandwidth is
mainly caused by the thin effective base width and thus short base
transit time and furthermore smaller junction capacitances CBC and
CBE. Regarding the 100BEdgeE phototransistor, which is even
slightly faster, the high bandwidth is dominated by the slightly
higher electric field strength in the space-charge regions. These
space-charge regions are slightly smaller due to the higher doped
base area. Furthermore the small sized phototransistors show a
higher bandwidth compared to the large sized ones. Here the smal-
ler base–collector capacitance and a smaller perimeter capacitance
are the main reasons. A higher bandwidth can be achieved by
increasing the collector–emitter voltage VCE and also by applying
a base current IB. The higher VCE leads to wider space-charge re-
gions, causing smaller junction capacitances CBE and CBC, and con-
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Fig. 8. Frequency response of the 40 � 40 lm2 and 100 � 100 lm2 100BEdgeE at
850 nm and floating base.
secutively to a thinner effective base width, causing a shorter base
transit time. Furthermore the higher VCE causes a stronger electric
field strength inside the device (see Fig. 2). Fig. 8 shows the fre-
quency response dependency on the size of the phototransistors
as well as on the collector–emitter voltage VCE at 850 nm for the
100BEdgeE phototransistor. The �3 dB bandwidths are 12.0 MHz
and 25.7 MHz for the 100 � 100 lm2 sized phototransistors and
14.2 MHz and 50.7 MHz for the 40 � 40 lm2 sized phototransistors
at VCE = �2 V and �10 V, respectively.

In Fig. 9 the bandwidths for the 100 � 100 lm2 100BEdgeE pho-
totransistor at 850 nm and different operating points are depicted.
The bandwidth increases with the base current until the collector
current density reaches a maximum. At this point the largest
homogeneous electric field exists in the base–collector space-
charge region. By driving a higher collector current the charges
cannot be carried completely by the electric field anymore [22].
Beyond the maxima in Fig. 9 the base push-out effect arises and
leads to a spreading of the effective base into the collector
[23,24]. Thus the effective base width gets wider and the base
transit time increases, leading according to Eq. (2) to a reduced
bandwidth. However, it should be mentioned that the position of
the maxima in Fig. 9 depend on the collector–emitter voltage



Table 3
Bandwidths in MHz of the three presented phototransistors at 410 nm, 675 nm, 850 nm as well as floating base and VCE = �2 V and �10 V. The top table presents the values for
the 40 � 40 lm2 phototransistors and the bottom table for the 100 � 100 lm2 phototransistors.

k = 410 nm k = 675 nm k = 850 nm

VCE = �2 V VCE = �10 V VCE = �2 V VCE = �10 V VCE = �2 V VCE = �10 V

50BCenterE 10.7 57.5 9.6 67.0 12.8 50.0
100BEdgeE 14.4 60.5 12.1 76.9 14.2 50.7
100BQuadE 20.2 54.2 18.8 60.3 18.6 31.6

50BCenterE 9.8 36.5 9.1 54.0 10.5 25.1
100BEdgeE 12.2 40.1 12.0 58.7 12.0 25.7
100BQuadE 16.6 34.0 16.1 51.6 15.8 21.4

Table 4
Comparison of CMOS and BiCMOS phototransistors at 850 nm.

Refs. Technology Device type Dimension (lm2) Wavelength (nm) Popt (dBm) Responsivity (A/W) f�3dB (MHz) GBW (A/W MHz)

[11] 0.35 lm SiGe HBT BiCMOS NPN 6 � 10 850 �17 2.7 2000 5400a

[12] 0.35 lm SiGe BiCMOS PNP 21 � 25 850 – 5.2 – –
[14] 0.6 lm CMOS PNP 100 � 100 850 �21.2 1.8 14b 25.2
[15] 0.35 lm CMOS PNP 35 � 35 – – – <1 –
[17] 65 nm CMOS NPN 60 � 60 850 – 0.34 0.15 0.05

This work 0.18 lm CMOS PNP
100 � 100

850 �15.8
1.5 25.7b 38.6

40 � 40 1.44 50.7b 73.0

a Small device illuminated with tapered fiber to get a 2.5 lm diameter optical spot.
b Fastest device for 850 nm.
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VCE. Hence an increase of VCE leads also to an increase of the corre-
sponding maximum collector current density and thus further-
more to an increase of the base current for the bandwidth
maximum.

The difference in the bandwidth at different wavelengths for the
40 � 40 lm2 100BEdgeE phototransistor at VCE = �10 V is shown in
Fig. 10. The �3 dB bandwidths are 50.7 MHz at 850 nm, 76.9 MHz
at 675 nm and 60.5 MHz at 410 nm for this phototransistor. In
Table 3 the bandwidths for the three presented phototransistors
at VCE = �2 V and �10 V and floating base at the three different
wavelengths are shown. The upper part of the table presents the
results for the 40 � 40 lm2 and the lower one for the 100 �
100 lm2 devices. Noticeable is that phototransistor 100BQuadE

shows a higher bandwidth for VCE = �2 V compared to both other
phototransistors. This is caused due to a shorter diffusion distance
for the generated charges. Phototransistor 100BEdgeE achieves the
highest bandwidth due to stronger electric field strength in the
space-charge regions (see Fig. 4). However, all devices achieve a
maximal bandwidth at 675 nm due to an optimal light penetration
depth. Thereby the main part of the charges is generated in the
thick base–collector space-charge region and thus directly in the
electric field zone.
6. Conclusion

In this work we present three types of speed-optimized pnp
phototransistors built in a standard 180 nm CMOS process without
modifications. Each type of phototransistor was fabricated with
areas of 40 � 40 lm2 and 100 � 100 lm2. For achieving high band-
widths a PIN structure was used for the base–collector junction.
Hence a special starting material was used consisting of the p+ sub-
strate and a low doped p� epi layer grown on top of it. By this low
doped epi layer a thick space-charge region is formed, which is
necessary for a fast separation of the generated charges caused
by deep penetrating light. Since the phototransistors were de-
signed for high-speed applications a further bandwidth increase
was achieved by small emitter areas. This emitter area reduction
leads also to a reduction of the base-emitter capacitance. However,
the small emitter areas are disadvantageous for achieving high
responsivities. Thus our phototransistors achieve only small dy-
namic responsivities up to 2.89 A/W as well as DC responsivities
up to 6.44 A/W. Furthermore the phototransistors reach band-
widths up to 50.7 MHz at 850 nm, 76.9 MHz at 675 nm and
60.5 MHz at 410 nm at VCE = �10 V and floating base conditions.
These results are caused by the small capacitances and the high
electric field strengths in the space-charge regions. Furthermore
simulations of the electric field strengths and space-charge regions
were done. Compared to the phototransistors described in [13] and
[14], which were realized in 0.6 lm CMOS technology, the band-
width is increased by more than a factor of 5. Therefore, these pho-
totransistors are well suited for applications where a high-speed
photodetector is needed with an inherent current amplification.
A meaningful comparison of the presented phototransistors with
other phototransistors is rather difficult since the device is strongly
non-linear and its operating conditions are dependent on many
factors (e.g. collector–emitter voltage, size of the device, optical
light power, wavelength, additional base currents, etc.). However,
the authors tried to give a comparison for 850 nm light, shown in
Table 4. Possible applications for the presented phototransistors
could be for example three dimensional cameras, fast opto-cou-
plers and optical data receivers. Compared to an conventional
PIN photodetector using an optimized PIN photodiode (with a
responsivity of 0.4 A/W) the presented devices can be used to am-
plify the input signal up to a factor of 7.2, which equals an optical
signal gain in the range of 8.6 dB.
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