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Abstract— Described in this paper are the photoresponse
characteristics of microwave transistors, both unipolar
[metal–semiconductor FET’s (MESFET’s) and modulation-
doped FET’s (MODFET’s)] and bipolar [heterojunction bipolar
transistors (HBT’s)]. Investigation includes time- and frequency-
domain measurements. For unipolar devices FET’s, the two
dominant photodetection mechanisms, photoconductive and
photovoltaic, are clearly identified within the same device for
the first time. It is shown that even high-speed FET’s are limited
to a photonic bandwidth of a few megahertz, if photodetection
and amplification are to be achieved simultaneously. In contrast,
bipolars HBT’s can provide optical gain up to the millimeter-
wave range. It is shown that their bandwidth to a modulated
optical input is closely related to the microwave bandwidth, and
that parameters such as base-access resistance and base-emitter
capacitance are critical to photoresponse optimization.

Index Terms—Heterojunction bipolar transistors, microwave
transistors, optoelectronic devices, photodetectors, phototransis-
tors, transient analysis.

I. INTRODUCTION

T HE effects of illumination on microwave transistors and
related structures have been the subject of several in-

vestigations. The main motivation for this line of research
has been to combine photodetection and amplification in a
single transistor, potentially simplifying the monolithic optical
receiver configuration. Furthermore, the inherent nonlinearity
of these transistors renders the possibility for mixing of the
modulated optical carrier with a microwave local oscillator
(LO), providing for simultaneous up or down-conversion and
demodulation of the information signal [1], [2]. In this paper,
the gain and bandwidth characteristics of microwave transis-
tors illuminated by time-varying optical signals are considered.

The study of field-effect transistors, namely the
metal–semiconductor FET’s (MESFET’s) [3] and the
modulation-doped FET’s (MODFET’s) [4], as high-speed
optical detectors started in the late 1970’s. Subsequent to
some initial disagreement, it was established that the dominant
photodetection mechanism in the MESFET is backgating,
caused by the modulation of the channel–substrate junction by
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the incident illumination, as proposed by Edwards [5]. Madjar
et al. [6], [7] derived a detailed analytical model to explain this
phenomenon, which is supported by extensive experimental
characterization [8] and an independent numerical simulation
[9].

Photoconductive detectors employing GaAs and InP [4],
[10] modulation-doped heterostructures were investigated by
a Bell Laboratories research group in the early 1980’s. These
devices were characterized in the time-domain using high-
speed sampling techniques, and yielding encouraging results.
Specifically, a 12-ps rise time and a 27-ps full width at half
maximum (FWHM) impulse response was obtained. Similar
results were achieved using autocorrelation techniques by
Umedaet al. [11] and Fettermanet al. [12]. The detection
process was attributed to the direct collection of photoelectrons
by the 2-DEG channel.

These time-domain results implyinga priori large detection
bandwidth seem to be in conflict with direct frequency-
domain bandwidth measurements, reported by several research
groups [13]–[15]. In the frequency-domain, the high-speed
response is measured by a microwave network analyzer. When
compared to conventional photodiodes, these devices generally
display high optical gain at lower frequencies and yield a
useful output signal well into the gigahertz range. However,
their 3-dB bandwidth is only a few megahertz. This seeming
contradiction between the time-domain and frequency-domain
measurements can be resolved if one notes that theoretically
the photoresponse of MESFET’s [6] and MODFET’s [16] is
comprised of two detection processes, namely a large slow
component (photovoltaic) with a low-frequency responsivity
which exceeds 10 A/W, and a faster, but much smaller,
response (photoconductive) caused by the direct collection of
photogenerated electrons.

The slow component, a result of backgating caused by
the accumulation of photogenerated holes within the device,
has already been explained [7], [8], [16]. However, no direct
experimental evidence of the existence of two photodetection
mechanisms in the same device has ever been reported.

It is important to point out that there is no correlation be-
tween the microwave and photonic bandwidth of the MESFET
and the MODFET. For example, the FET’s tested are fast
microwave devices with in excess of 20 GHz, but their
3-dB cutoff frequency to microwave modulated light is below
20 MHz.

A preferred alternative to the FET’s is the bipolar transistor.
Earlier research [17] focused on two-terminal devices with
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bipolar transistor structure, the phototransistors (PT’s). These
devices were improved in terms of gain with the use of
heterostructure PT’s (HPT’s) [18], [19], but still suffered from
speed limitations. In 1991, Chandrasekharet al. [20] have
shown that exploiting the third terminal of the HPT with a
suitable electrical bias improves both its gain and bandwidth.
More recent work on this type of device, namely the hetero-
junction bipolar transistors (HBT’s) [21], [22], demonstrated
that the gain-bandwidth product to a modulated optical input
is directly related to their microwave properties.

The goals of this paper are:

1) to provide conclusive experimental evidence of the fast
and slow detection mechanisms in microwave FETs;

2) to investigate the relation between the electrical band-
width and the bandwidth to a microwave modulated
optical signal in the FET’s and HBT’s;

3) to discuss the gain-bandwidth characteristics of all three
types of microwave transistors, both theoretically and
experimentally.

II. THEORY

In this section, the photoresponse gain and bandwidth of
the three microwave transistors, MESFET, MODFET, and
HBT, are discussed. The MESFET and the MODFET are
voltage-controlled devices and the HBT is a current-controlled
device, a fact that has major implication regarding their
optical characteristics. Specifically, the optical illumination,
which may be considered an additional control terminal,
always generates electron–hole pairs, a primary photocurrent.
It will be shown that this primary photocurrent gives rise
to fundamentally different photodetection mechanism for the
FET’s and the HBT, resulting in greatly varying optical
responses.

A. Field Effect Transistors: MESFET and MODFET

The photodetection mechanisms of MESFET’s and MOD-
FET’s are similar in many respects. According to models
developed by Paolellaet al. [6] and Romeroet al. [16], the
intrinsic photoresponse of these devices may be accounted
for by two basic transport mechanisms, namely the internal
photovoltaic and photoconductive effects. The
total photocurrent is the sum of these two currents

(1)

The photoconductive effect is the result of increase in
conductivity due to photogenerated carriers. In the MESFET,
these carriers are generated in the channel while in the
MODFET they are created in the depleted buffer region,
being drawn to the 2-DEG region by the heterojunction
built-in electric field. The photoconductive component of the
photoresponse in the MESFET is calculated by solving the
continuity equation in the direction of light absorption in the
channel and in the MODFET by solving for the drift current
due to carriers generated in the depleted buffer layer.

The photocurrent in the photovoltaic effect is a two-step
process where a primary photocurrent generates a voltage
which controls the flow of thermal carriers. In the MESFET,

TABLE I
PHOTORESPONSELOW-FREQUENCY CURRENT

COMPONENTS AND CUTOFF FREQUENCIES FORFET’s

this voltage is the result of the modulation of the potential
barrier between the channel and the substrate [6]. In the MOD-
FET, it is caused by the modulation of the quasi-Fermi level in
the channel due to accumulation of holes at the buffer/substrate
interface [16]. In both devices, the photovoltaic effect can be
represented by an equivalent circuit consisting of a parallel

pair in parallel with a current source . Physically,
is the channel/substrate barrier capacitance in the case of the
MESFET [6], and it is the change in quasi-Fermi level with
carrier density [23] for the MODFET, is the substrate
resistance and is the primary photocurrent generated.

Table I summarizes the low-frequency expressions and cut-
off frequencies of the different photoresponse components
for these devices. Referring to Table I, depends on the
layer structure and external geometry of the MODFET,
is the density of states in the 2-DEG channel, is the
characteristic time constant of the internal photovoltaic effect,

combines the carriers transit time to reach the 2-DEG
channel and the transit in the channel, and are the
channel/substrate barrier potential and photovoltage,is the
index of modulation, is the illuminated area, and
are the gate depletion region and channel opening due to light,

is the total channel width underneath the gate andis the
gate access resistance. The other factors are commonly used
parameters.

The expressions reveal the distinct cutoff frequencies for
each photodetection mechanism. The photovoltaic effect dom-
inates the spectrum at low frequencies below. The photo-
voltaic effect cutoff frequency in the MESFET increases with
optical input power and it is governed by the factor, related
to the channel–substrate barrier. The photoconductive cutoff
depends only on material parameters and on the specific device
structure, therefore, invariant with optical power. Fig. 1 shows
the low-frequency components as a function of the incident
optical power for the MESFET. Significantly, the ratio of the
photovoltaic to photoconductive current is large, in the range
of 50–60 dB at an optical input of 1 mW. For low intensities,
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Fig. 1. Low-frequency photocurrent components as a function of incident
optical power. Parameters were estimated atVgs = �0:5 V, Ids = 30 mA.

both components increase with intensity. Beyond a critical
point the photovoltaic current decreases with intensity. This
is attributed to the fact that the RF gain (proportional to)
depends on the dc value of the photovoltage. At very low
light levels even a small change in barrier width results in a
considerable change in channel opening, increasing the gain
with light intensity. At higher intensities, the barrier is greatly
reduced and the modulation of its depletion region represents
a proportionally smaller fraction of the channel. Therefore, the
RF gain will decrease with optical power at moderate to high
power levels. These results indicate that for FET devices there
exists an optimum illumination level for best gain-bandwidth
product.

Consequently, enhancing optical coupling in such devices
may not be beneficial in terms of overall photodetection
performance. Furthermore, since the photoconductive cutoff
frequency is independent of illumination level, the ratio be-
tween the bandwidth of the two effects is always a decreasing
function of intensity. Similar results are predicted for the
MODFET. In this case, estimating from the low-frequency
response of the measured device (Section III), as in [23],

ns, where is the bandwidth of the
photovoltaic component. Replacing this value in expressions
shown in Table I results in a ratio between the photovoltaic
and the photoconductive response components of 17–20 dB,
due to uncertainty on some of the parameters.

In order to verify the theory, the response in both devices
should rolloff at 20 dB/d after and become flat again
once the photoconductive effect is dominating over the photo-
voltaic [24]. The MESFET and MODFET photoconductive
responses will start rolling off for frequencies higher than

and , respectively. It should be stressed at
this point that the design considerations for a faster microwave
FET, such as reduction of product, do not affect the
photoresponse characteristics.

In summary, theoretical considerations for the FET’s predict
a fast but small photoconductive current and a large but very
slow photovoltaic response. The photovoltaic component is
slow because it involves a process of converting the primary
photocurrent into a photovoltage to control the flow of thermal
equilibrium carriers, a process governed by an inherently large
RC time constant.

Fig. 2. Common emitter small-signal equivalent circuit for the HBT under
illumination.

B. HBT

The illuminated HBT differs from the FET’s in the sense
that it is a current-controlled current-source device. When
illuminated from the top, most of the light is absorbed at the
depletion region between base and collector. This region is
analogous to a built-in p-i-n diode (p: base, i: collector, and
n: subcollector), which provides an electrical input to
the base circuit which controls the thermal carriers flowing
from emitter to collector [24]. In this case, the current-to-
current process allows for a much faster (similar to microwave
behavior) detection performance while still maintaining the
inherent device current gain.

Under small-signal approximation the common emitter
equivalent circuit of the HBT under illumination can be
represented as shown in Fig. 2. Although simple, this model
is an adequate representation of the HBT under illumination
and allows for an analytical solution of the dynamic response.
The small-signal approximation implies that the change in

caused by the modulated light signal is small compared to
the thermal potential (26 mV). The termination resistors
and are connected to the base and collector of the HBT.
The current is the primary photocurrent generated in the
base–collector depletion region. The frequency response of the
circuit is limited by the input circuit impedance combined with
the Miller effect component of capacitor . In an approach
similar to Frankelet al. [22], where the common-collector
configuration was used, it can be shown that the transient time
constants of the transimpedance gain
for the circuit in Fig. 2, are roots of the following polynomial:

(2)

where , ,
and is the combined depletion and diffusion base-emitter
capacitance.

Under moderate bias currents ( mA), (2) solves to
ps and ps where the circuit parameters,

extracted from microwave measurements, are: ,
, , S,

fF and fF. The load resistance and are 50 .
As a result, assuming a Gaussian impulse response, the HBT

is expected to have a photoresponse 3-dB bandwidth in excess
of 12 GHz. As the bias current is increased, the roots of
(2) lead to larger transient time constants and consequently
a slower photoresponse. This behavior is expected since the
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Fig. 3. Experimental setup for frequency-domain measurements of the pho-
toresponse spectrum of microwave transistors.

total base-emitter capacitance will increase with current flow at
moderate biases [25]. Under small signals, the low-frequency
gain of the photoresponse is proportional to the transcon-
ductance which increases with collector current. Therefore, a
tradeoff between gain and bandwidth is apparent for the HBT.

In order to fully characterize the photo-dynamic processes
in these microwave transistors and clarify the discordance in
the literature, both frequency and time-domain experiments
were performed in all devices.

III. FREQUENCY-DOMAIN CHARACTERIZATION

A 20-mW semiconductor laser operating at 830 nm coupled
to a single-mode fiber was used as the light source in Fig. 3.
The microwave signal was superimposed on the optical carrier
by means of an electro-optic modulator (8-GHz bandwidth).
The modulation index was 15% for all experiments and
illumination was perpendicular to the electrode surface of the
devices. The device output current was amplified and displayed
in a spectrum analyzer. A low-noise amplifier (LNA) was used,
specifically in the case of the photoconductive component of
FET’s ( MHz).

The AlGaAs/GaAs microwave MODFET’s investigated had
a gate length of 0.25m, GHz at mA and
areas between gate and drain electrodes of 210 m . For the
first time, two distinct cutoff frequencies are clearly identified
in the photoresponse spectrum shown in Fig. 4. The first cutoff
(around 20 MHz) is due to the internal photovoltaic effect. The
second cutoff 1.0 GHz is attributed to the photoconductive
effect. Furthermore, the ratio between these two photoresponse
components (16 dB) is in good agreement with the predicted
value (17 dB). It should also be noted that the rise of the
response at very low frequencies is due to the response of the
biasing circuit of the MODFET. The gain-bandwidth product
is a monotonically decaying function of the incident optical
power, as reported elsewhere [16].

The GaAs MESFET had the following characteristics:
- channel thickness under the gate of 0.25m

doped at 4.45 10 cm , GHz at
mA. The analytical expressions in Table I and the results in
Fig. 1 demonstrate that the ratio between the two photocurrent
components can be as high as 55 dB, for a typical microwave
transistor biased at open-gate condition ( ,
mA) and illuminated by moderate optical powers ranging from
0.5 to 1.5 mW. Furthermore, the gain-bandwidth product
(shown in Fig. 5) is dependent on the optical input power.
Both simulated and theoretical results determined 0.6-mW
average incident power as the optimum illumination level for
the best gain-bandwidth result in this particular device. In this

Fig. 4. Photoresponse spectrum of the MODFET atVgs = �0:2 V,
Ids = 16 mA.

Fig. 5. MESFET gain-bandwidth product as a function of the average
incident optical power. A commercial p-i-n diode (0.4 A/W) with signal
output of�45 dBm at 1 mW of optical input and modulation index of 15%
is used as reference for gain. The 3-dB bandwidth is used when calculating
the gain-band product.

case, the gain is defined with respect to a high-speed p-i-n
diode (0.4 A/W) which produces an output signal power of

45 dBm at 1-mW optical power with modulation index of
15%. Typically, 2.5-GHz peak gain-bandwidth product can
be achieved at the optimum illumination level. Overall, very
good agreement is observed between theory and experiment.

The normalized spectrum of the MESFET photoresponse
in relation to the above-mentioned p-i-n diode (0 dB line),
is shown in Fig. 6. The photovoltaic bandwidth is 9 MHz,
when biased at V, and presents a 20-dB/d
rolloff, as expected. However, at this bias level the difference
between the photovoltaic and photoconductive response is
estimated to be 55 dB, which effectively precludes the direct
observation of the photoconductive current. In other words,
for this case, [7], which means that the
photoconductive effect would reach cutoff before becoming
the dominant component in the photoresponse. However,
by driving the MESFET close to pinchoff,
V, the transconductance is greatly reduced, minimizing the
photovoltaic effect and, thereby, allowing for the observation
of the photoconductive contribution, as clearly illustrated in
curve of Fig. 6. The photoconductive cutoff is 3.5 GHz.
Curve of Fig. 6 is the measured MESFET microwave
(electric) response, actual , with 3-dB bandwidth of
7 GHz.
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Fig. 6. Curvesa andb are the MESFET normalized photoresponse spectrum
at Vgs = �0:5 V, Ids = 30 mA, and Vgs = �1:1 V, Ids = 3 mA,
respectively. The gain is normalized with respect to the reference p-i-n diode
(0-dB line). The average incident optical power is 1 mW. Curvec is the
microwave (electric) responseS21 of the MESFET atVgs = �0:5 V,
Ids = 17 mA. The bias points ina and c are the same. The difference
in drain current is due to the optical input.

These results reveal the small correlation between the
photonic- and electronic-response speeds. Specifically, the
photovoltaic bandwidth is three orders of magnitude smaller
than the electrical bandwidth. Similar results are observed for
the MODFET, which presented microwave gain-bandwidth
product of 58 GHz at 16 mA.

The n-p-n self-aligned HBT structure consisted of 5000Å
GaAs n-doped at 2 10 cm sub-collector, 5000-̊A GaAs
intrinsic collector, 800Å GaAs p-doped at 2 10 cm
base, and 400̊A AlGaAs n-doped at 5 10 cm emitter.
The emitter-cap layer width is 3000̊A and doped at 2
10 cm . The illuminated area is 1.5 10 m . The HBT
photoresponse follows its microwave characteristics. In this
case, the bandwidth-limited (8-GHz) frequency measurement
setup described earlier is unable to characterize the complete
photoresponse spectrum of the HBT. Therefore, to investigate
its high-frequency response, a time-domain measurement setup
is used.

IV. TIME-DOMAIN CHARACTERIZATION

The MODFET and HBT were characterized in the time
domain using a mode-locked Ti:Saphire laser operating at 814
nm. The generated pulses were 120-fs wide with 100-MHz
repetition rate and maximum average optical power of 4.9
mW. The devices were illuminated from the top and the
incident-beam spot size was adjusted so that coupling efficien-
cies were the same as in the frequency-domain experiment.
The photoresponse measurements were performed with a
50-GHz sampling oscilloscope using 60-GHz coplanar wave-
guide (CPW) probes, presenting an apparent 50-impedance
to the devices under test.

The normalized impulse response, with respect to peak
value, of the MODFET with two distinct bias conditions,
open channel ( V, mA) and pinchoff
( V, mA), is shown in Fig. 7(a). At

V the MODFET has maximum transconductance,
and at V the dark current in the channel is
negligible. Under open-channel condition the impulse response

(a)

(b)

Fig. 7. (a) MODFET normalized drain current response to optical impulse
excitation for different bias conditions: open channel,Vgs = �0:2,Vds = 2 V
and pinchoff,Vgs = �1:0 V, Vds = 2:0 V. (b) Amplitude Fourier spectrum
of the impulse response.

is clearly comprised of two time constants: a short one related
to the fast rise time (photoconductive effect) and a long one
which is identified by the slow decaying oscillations. The
multiple peaks in the trailing edge of the pulse are caused
by the repetition rate of the laser which is faster than the
photovoltaic response (long time constant). Under pinchoff
conditions, elimination of the slow photovoltaic response
produces an impulse response with a faster fall time and an
overall larger bandwidth, at the expense of gain. Fig. 7(b)
depicts the normalized Fourier amplitude spectrum of the
impulse responses of Fig. 7(a). The flat region in the open-
channel curve marks where the photoconductive effect starts
to dominate the photoresponse, confirming the microwave-
domain results shown in Fig. 4. With the device under pinchoff
conditions, the 3-dB bandwidth of 1 GHz for the photoconduc-
tive effect is clearly identified in the Fourier spectrum. These
results using time- and frequency-domain measurements, for
the first time, conclusively validate the existence of the two
time constants, as predicted by the theory.

The HBT impulse response in a common-emitter configu-
ration is analyzed in Fig. 8(a) and (b) as a function of biasing
current. In Fig. 8(a), FWHM of 20 ps is obtained for a collector
current of 10 A and 31 ps for a current of 1.4 mA. The
Fourier amplitude spectrum of the two curves, at 1.4 mA and
10 A, with bandwidths of 4 and 10 GHz, respectively, is
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(a)

(b)

Fig. 8. (a) HBT collector current response to optical impulse excitation at
Ic = 10 �A andIc = 1:4 mA. Inset shows 3-dB bandwidth as a function of
collector current. (b) Amplitude Fourier spectrum of the impulse response.

Fig. 9. Total base-emitter capacitance and calculated and experimental tran-
sient time as a function of the collector current.

shown in Fig. 8(b). The insert shows that the photoresponse
bandwidth of the HBT in common-emitter configuration is a
decreasing function of the dc-collector current.

As the collector current is increased, the fall time is extended
as a result of increased total base-emitter capacitance, as
predicted by (2). The total capacitance extracted from
microwave measurements and the associated transient time as
a function of the collector current are shown in Fig. 9. The

divergence between measured and expected transient duration,
especially at lower currents, is attributed to the influence
of two-dimensional (2-D) effects such as the base-spreading
resistance and the external base–collector capacitance, not
represented in the model of Fig. 2. However, a good overall
agreement is observed. Significantly, these results reveal that
the gain and bandwidth of the HBT for microwave or optical
inputs are correlated and nearly identical. In this case, the HBT
presented of 28 GHz at 1.4 mA. This implies that a faster
microwave HBT (small and low-spreading resistance)
invariably leads to a faster optical detector.

V. CONCLUSION

The photoresponse characteristics of microwave transistors
such as MESFET’s, MODFET’s and HBT’s were theoreti-
cally and experimentally investigated. The confusion regard-
ing the photoresponse speed of microwave MESFET’s and
MODFET’s was resolved by the first complete characteriza-
tion of the two dominant photomechanisms in these devices.
By using frequency- and time-domain techniques, the high-
gain slow photovoltaic effect, and the small-gain, but fast,
photoconductive mechanism were clearly identified in the
same device. Although having microwave (electronic) gain-
bandwidth product in excess of 50 GHz, these devices are
limited to a few tens of megahertz for photonic applications
(simultaneous detection and amplification). It was also shown
that in the case of MESFET’s the gain-bandwidth product
may be maximized by the proper input optical power level.
Furthermore, the optimization rules used for microwave FET’s
do not necessarily apply for photonic applications.

The HBT in the common emitter configuration can maintain
significant optical gain (proportional to ) well into the
gigahertz range. The base bias-current provides a means of
trading gain for bandwidth where the increase in current
increases the gain and reduces the 3 dB-bandwidth. In these
devices, the photonic bandwidth is closely related to the elec-
tronic (microwave) bandwidth. Since the new generation of
microwave HBT’s can have gain-bandwidth products in excess
of several hundreds of gigahertz, there is enormous potential
to fabricate an optical detector with similar gain-bandwidth
products as well. OEIC receivers with HBT photodetectors
will be able to replace presently used device combinations in
many applications involving high-speed fiber-optic links.
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