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Current-Induced Light Modulation Using Quantum
Wells 1n the Collector of Heterojunction
Bipolar Transistors

Nachum Shamir, Dan Ritter, and David Gershoni

Abstract—We incorporated InGaAs quantum wells within the
collector of InP-based heterojunction bipolar transistors to form
novel light-modulating devices. We studied the properties of these
devices as light modulators by direct current injection. The devices
were characterized using differential photocurrent and transmis-
sion spectroscopies. Our results demonstrate the feasibility of light
modulation based on current rather than electric field modulation.
Maximum modulation is achieved when the accumulated carriers
quench the excitonic absorption resonance.

Index Terms—Electroabsorption, heterojunction bipolar
transistors (HBTs), optical modulation, optical spectroscopy,
quantum-well (QW) devices.

1. INTRODUCTION

ULTIPLE-QUANTUM-WELL (MQW) light modula-

tors based on electric field modulation or the quantum
confined Stark effect (QCSE) are widely used and well un-
derstood [1], [2]. A different approach for light modulation
based on charge displacement is known as the barrier reservoir
and QW electron transfer (BRAQWET) structure. The latter
concept is based on absorption modulations by field-induced
accumulation and removal of carriers from the barriers to
the QWs and back [3]-[6]. Both types of modulators, though
different in concept, are voltage-driven and hence require
driver circuits capable of providing relatively high voltage
at high speed. In this study, we demonstrate an alternative
approach, in which the absorption is modulated and controlled
by the collector current of a heterojunction bipolar transistor
(HBT). The integrated transistor-modulator is operated in the
common base configuration, in which high-frequency current
modulation can be achieved. The advantage of the proposed
device is in the combined use of voltage and electric current.
Small voltage changes at the collector significantly affect the
carrier confinement and can be used for rapid depletion of the
wells. We believe that by optimizing the collector structure and
operating conditions one could speed up the device and obtain
useful operation frequencies at lower voltages compared to
standard modulation devices.
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Fig. 1. Schematic description of the MQW HBT structure.

We used photocurrent and transmission spectroscopy to study
the feasibility of this novel concept. Our study conclusively
demonstrates that this concept works, and we suggest possible
ways for improving the modulation efficiency.

II. DEVICE STRUCTURE AND EXPERIMENTAL SETUP

In Fig. 1, we show the structure of the HBT-modulator
device. The device layers were grown by a compact metalor-
ganic molecular beam epitaxy (MOMBE) system [7], on a
(100)-oriented substrate, with Be and Sn as P and N type
dopants, respectively. The lattice-matched InGaAs QW width
was designed for effective light modulation at A = 1.55 pm.
In order to minimize light absorption in the transistor base
a quaternary Ing72Gag2sAsos1Poso(A = 1.3 um) layer
composition was used. The redistribution of beryllium in the
InP-InGaAsP HBTs limited the maximum doping level in
the base to about 1*10'® cm™2 [8]. Large area (emitter size
20*90 pm) test devices were fabricated by conventional wet
etching. Pt-Ti-Pt—Au contacts were deposited by e-beam
evaporation and defined by a lift-off technique.

The band diagrams of the base collector layers as ob-
tained by numerical solutions of the Poisson equations for
the three types of devices that we studied are shown in
Fig. 2. Devices A and C' are single heterojunction transistors,
whereas device B is a double heterojunction device with an
Ing 85Gag.15A80.33P0.67(A = 1.1 pm) grading layer. The
grading layer reduced the turn on voltage of the transistor to
allow low-voltage operation. Device C is similar to A with
the addition of thin InP barriers adjacent to each QW in order
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Fig. 2. Base collector band diagrams, obtained by a numerical solution of
the Poisson equation, for devices (a) A, (b) B, and (c) C. Device A has
a homogeneous base collector junction. Device B has a graded composite
collector, and device C' has a homogeneous base collector junction and thin
InP barriers to enhance the electron tapping and confinement.

to enhance the electron trapping efficiency. The background
doping level of the collector layers was about 1 x 1016 cm=3.

We characterized the various devices using photocurrent and
transmission spectroscopy methods. The experimental setups
are schematically described in Fig. 3. For photocurrent mea-
surements, the base collector junction was reversely biased in
an open emitter configuration, a mechanical chopper modulated
the incident light, and the photocurrent part was separated from
the total base collector junction current by a lock-in amplifier
[Fig. 3(a)].

For transmission modulation measurements, we back-
side-illuminated the devices through the InP substrate. The
transmitted light was reflected by the front metal contacts, thus
doubling the absorption of light in the modulator. The reflected
light was directed onto our Germanium detector by a beam
splitter [Fig. 3(b)]. For these measurements, the transistors
were operated in the common base mode. The modulations
in the intensity of the reflected light induced by the collector
current and voltage changes were measured using a standard
lock-in technique.

Current changes cause parasitic voltage changes, due to the
resistance of the base layer. In order to separate the current-in-
duced absorption from that induced by voltage changes, we also
measured the reflected light modulation under direct modula-
tion of the base—collector junction voltage using a 400-mV ac

signal superimposed on the dc voltage. We identified the true
current-induced modulations by comparison between the two
independent measurements.

The light- and heavy-hole excitonic absorption resonances
were clearly observed by photocurrent spectroscopy in all the
devices even at room temperature (Fig. 4). This indicates rela-
tively sharp interfaces and low background doping. Under mod-
erate reverse bias, the heavy-hole exciton resonance shifts to-
ward lower energies as expected from the QCSE [1], [2]. For yet
higher bias, depending on the device, the resonance broadens
and eventually disappears. We note that the quenching of the
heavy-hole resonance in device A occurs at lower reverse bias
than that in devices B and C. This is probably due to weaker
confinement of the electronic wave function by the quaternary
barriers. In the following, we therefore discuss only measure-
ments performed on devices B and C, which performed much
better than device A.

III. CURRENT-INDUCED ABSORPTION MODULATION
SPECTROSCOPY

The current-induced modulation spectra of devices B and C'
are presented in Fig. 5 where they are also compared with the
voltage-induced modulation spectra. The detector phase was set
to produce positive modulation signals when the absorption in-
crease correlated to the current or voltage increase. The cur-
rent induced signal is clearly visible in the spectra of device B
[Fig. 5(a)] at low reverse bias voltage of the base-collector junc-
tion. The signal decreases for higher reverse bias levels, prob-
ably due to the depletion of carriers from the wells and reduction
of the electron confinement efficiency.

The structural design of device C results in better carrier col-
lection efficiency. This is clearly evident from the much lower
collector currents of 20 uA (~ 1 A/cm?) that are required
for observing current-induced modulations similar to these ob-
served for device B at 1 mA (~ 50 A/cm?). These spectra are
presented in Fig. 5(b), where the current-induced HH1 and LH1
excitonic resonances are observed at low bias. At higher bias
levels, these current-induced peaks are reduced due to the lower
density of carriers in the wells. The additional spectral features
in Fig. 5(a) are due to the HH2 and LH2 excitonic resonances
associated with the marginally bounded E2 level. We believe
that these spectral features in Fig. 5(b) are associated with the
E2 continuum miniband [9]-[11].

It has been previously demonstrated that optical interference
alters the phase of the photoreflection signals [12]. We assumed
that in our measurements the phase was not altered due to the
use of direct electrical modulation. To increase our confidence,
we repeated the voltage modulation measurements focusing the
light on the inactive collector area, below the base contact. In the
second measurement, the light was reflected by the base contact,
forming an optical path that did not include the emitter layers.
In the two measurements, we obtained similar voltage modula-
tion signals. In addition, we measured several devices, located
on remote locations in the sample. In all, we received similar
modulation signals and did not observe any influence of the op-
tical path through the sapphire holder, glue, and hand-polished
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Fig. 3. Schematic description of the experimental setup (a) for photocurrent spectroscopy and (b) for current and voltage induced transmission spectroscopy. In

the first mode, the light is modulated and the differential photocurrent is detected by the lock-in amplifier. In the second mode, the collector current or voltage are
modulated and the detector and lock-in amplifier measure the differential transmission.

substrate. Interference effects observed in wide-spectral-range
photocurrent measurements (not presented) indicated that the
optical paths were different for each device.

IV. DISCUSSION

The current-induced absorption modulation spectra are better
understood by comparison to the photocurrent spectra. We first
discuss the absorption modulation spectrum obtained by mod-
ulation of the base collector voltage keeping the emitter open,
i.e., with no current injection into the collector. This spectrum is
shown in Fig. 6 together with the photocurrent spectrum, both
measured for device C at 77 K. Two plots are presented, the first
at zero dc bias [Fig. 6(a)], and the second [Fig. 6(b)] at a reverse
bias of 2 V. In both cases, the voltage modulation amplitude was
400 mV. A marked difference between the two absorption mod-
ulation spectra can be seen: the zero bias spectrum is negative at
the absorption edge, while the 2-V bias curve is positive at the
absorption edge. Understanding this observation is crucial for
the understanding of the current-induced effects, as explained
below. While at zero bias, there is a residual density of carriers
in the QWs, due to background doping and thermal activation;
at reverse bias, the QWs are fully depleted. Thus, at zero bias,
the voltage modulation spectrum results from modulation of the
residual carrier density. These carriers quench and broaden the
excitonic absorption resonance, screen the built-in field and in-
duce bandgap-narrowing effects [3], [13]. The trapped carrier
concentration is reduced when the reverse bias increases. The
negative signal at the band edge [region (1) in Fig. 6(a)] and the
positive peak [region (2)] at the wavelength of the heavy-hole
exciton resonance indicate a blue shift of the absorption edge

due to the field-induced carrier depletion with the voltage in-
crease.

The QWs are completely depleted with the reverse bias in-
crease. In Fig. 6(b), we compare photocurrent and voltage mod-
ulation spectra measured at Vo = 2 V. At this bias, carrier-in-
duced excitonic resonance screening are eliminated and sharp
excitonic absorption resonances are clearly observed in the pho-
tocurrent spectrum. Now, reverse bias results in the electric field
increase within the QWs and an associated red shift of the ab-
sorption edge due to the QCSE. As a result, a positive signal
is observed at the low-energy edge of the exciton resonance (1)
and a negative signal is observed at the high-energy edge (2).

In Fig. 6(c), we compare between voltage modulation spectra
as measured for various reverse bias levels of device C (sim-
ilar results were obtained for device B3, not shown). As clearly
observed in Fig. 6(c), at low voltages the modulation spectrum
is dominated by carrier-induced effects. At these voltages, the
spectra are negative below the band edge and positive at the
excitonic resonances due to carrier-induced bandgap reduction
and exciton quenching. At higher voltages, the spectra are dom-
inated by the QCSE.

Based on the voltage modulation signals interpretation, we
can now explain the current induced results. The sharp negative
signal observed in Fig. 5(b) at reverse bias of 1 V is due to the
quenching of the excitonic absorption resonance as a result of
carrier accumulation. In this case, the effects of voltage and cur-
rent modulation are opposite since higher voltage depletes the
wells while higher current increases the carrier concentration in
the wells. The current modulation signals in Fig. 5(a) are more
difficult to explain due to the large parasitic voltage modula-
tions. Devices B and C have the same base and emitter structure
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Fig. 4. Room-temperature photocurrent spectra measured at various bias
levels. (a) The applied voltage quenched the excitonic absorption resonance
in device A. Due to stronger confinement in devices (b) B and (c) C, the
excitonic absorption resonance was observed at a wide reverse bias range.

and therefore similar current gain and lateral base layer resis-
tance. The higher current used for measuring device B causes
parasitic voltage modulation, which is 50 times larger than that
in the measurements of device C'. Decoupling of the current and
voltage effects cannot be achieved by simple curve subtraction
since the effective base collector voltage varies laterally across
the device. Yet, the large signals that are observed for low volt-
ages [Fig. 5(a)] and their reduction with the reverse dc bias in-
crease indicate the strong influence of carrier accumulation on
the absorption spectrum.

With this qualitative understanding, we try to more quantita-
tively estimate the effects of carrier injection on the absorption
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Fig.5. Comparison of the current- and voltage-induced absorption modulation

spectra measured at 77 K for devices (a) B and (b) C. The amplitudes of
the current modulation were 1 mA (~ 50 A/cm?) and 20 gA(~ 1 A/cm?)
correspondingly. The voltage modulation amplitude was 400 mV for both
devices.

spectrum of the HBT modulators. The magnitude of the current-
induced absorption modulation in Fig. 5(b) was evaluated by
multiplying the voltage-induced absorption changes, extracted
from photocurrent spectra, by the ratio of current and voltage
modulation signal magnitudes. We found that a collector current
of 20 LA(~ 1 A/cm?) induced a relative absorption modulation
of 15%. Higher collector currents yielded similar magnitudes,
indicating effective saturation of the carrier density within the
QWs.

We estimated the density of electrons required to generate this
effect using eight-band k - p theory-based absorption calcula-
tions [14]-[16]. Our calculations indicate that saturation sheet
density of 5 x 10% cm~2 electrons trapped in each QW is likely
to produce the measured 15% absorption modulation.

We finally comment on the applicability of our approach for
practical devices. Absorption modulation of 15% not is large
enough for practical applications; moreover, this result was ob-
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Fig. 6. Photocurrent and voltage modulation spectra measured at 77 K
for device C at (a) Veg = 0, (b) Ves = 2 V, and (c) 400-mV voltage
modulation spectra for various reverse biases. At low voltages, carrier-induced
effects determine the absorption modulation characteristics. At high voltages,
field-induced effects are dominant.

tained at a cryogenic temperature of 77 K. Further optimization
is clearly needed for practical room-temperature operation.
The measured room-temperature current-induced mod-
ulation signals were too weak to analyze. Since excitonic
absorption resonances are clearly observed at room temper-
ature (photocurrent measurements in Fig. 4), we associated
the weak signals with insufficient carrier accumulation. One
way to enhance both trapping and confinement efficiency is
by using higher barriers such as strained GalnP layers [17].
InGaAs wells can be used to form a strain-compensated lattice.
The device efficiency could be further improved by using a
waveguide configuration in which small changes in absorption
and refractive index are sufficient for effective light modulation.
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V. CONCLUSION

We studied the feasibility of light modulation by current
injection. This was achieved by incorporating QW structures
within the collectors of HBTs. Photocurrent and current-in-
duced modulation spectroscopies were applied to measure
the absorption modulation by the collector current. Current
induced absorption modulation of 15% was obtained at 77 K.
These results demonstrate the feasibility of light modulators,
in which current injection, rather than electric field variation,
controls the absorption spectrum.
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