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Abstract. In this paper, the dynamic response of the optical gain of optical integrated
device composed of a heterojunction bipolar transistor (HBT) and a laser diode (LD) has
been numerically analyzed. This type of optical integrated device is called transistor laser
(TL). First, the rate equation of LD has been solved to obtain its transfer function. Second,
the overall transfer function of the whole structure has been analyzed numerically. The
effect of HBT cutoff frequency on the amplitude and phase frequency response has been
studied. The obtained results show that HBT has a strong influence on the device
performance. In particular, higher values of HBT cutoff frequency result in lower
amplitudes and higher phase values in the low-frequency range. The device is stable and
has a fast response and high optical gain at higher frequencies. Therefore, it can be used as
an optical amplifier or optical switch in high-speed optical systems.
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1. Introduction

First inventions of TLs were proposed in [1, 2]. A great
interest of both experimental and theoretical researchers
is attracted to the study of heterojunction bipolar
transistor lasers (HBTLs), also known as transistor lasers
(TL) [3-6]. Integration of lasers and transistors is an
effective method to obtain multifunctionality of optical
signal processing. TLs are the key elements for optical
signal processing applications to achieve large
bandwidths, frequency multiplication, nonlinear signal
mixing, and negative resistance. They are widely used in
opto-electronic logic gates [7].

TL operation can be explained as follows. Input
electrical signal to be amplified by the transistor comes
from the emitter layer through a thin base to the collector
layer. The transistor switches laser diode (LD) to on state
with intense light power. Sometimes, such optical
integrated device contains a quantum well (QW)
incorporated in the base of heterojunction bipolar
transistor (HBT). The concentration of injected carriers is
sufficient to create population inversion between the
conduction and the valence subbands of QW and to make
the optical gain overcoming the material and mirror
losses [8, 9]. TL operates as a typical transistor but emits

optical signals through one of its output windows rather
than provides electrical output. A cavity within the
device focuses generated light into a laser beam. The
hetero-junction bipolar transistor with a quantum well
may be considered to increase the intensity of output
light in its base region.

The characteristics of heterojunction bipolar
transistor lasers such as optical frequency response and
current gain () can be enhanced by optimizing their
parameters [10]. In this paper, the frequency response of
an optical integrated device composed of HBT and LD is
analyzed theoretically. The motivation behind this work
is the need to examine the usability of HBTLs as optical
functional devices for optical communication systems.

A transistor laser was composed of indium gallium
phosphide (InGaP), gallium arsenide (GaAs) and indium
gallium arsenide (InGaAs) layers, which enabled it to
operate without cooling. A number of interesting features
were demonstrated for such TL, including resonance-free
frequency response, large direct modulation bandwidth
[11], voltage-controlled mode of operation, and low rela-
tive intensity noise (RIN) [12]. The transistor laser offers
some advantages, namely: better modulation bandwidth,
reduced chirp, and minimum relative intensity noise.
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Fig. 1. Schematic structure of transistor laser.

This paper is organized as follows. The device
structure and theoretical modeling including solution of
laser diode rate equation and analysis of the overall
transfer function are presented in Section 2. Obtained
results and curves of amplitude and phase response at
different values of HBT cutoff frequency are presented in
Section 3. Conclusion and future work plans are outlined
in Section 4.

2. Theoretical analysis
2.1. Structure and operation of the device

The schematic view of TL structure composed of HBT
and LD is shown in Fig. 1. HBT contains n-InGaP and
p-GaAs base layers as well as an n-type heavy doped
collector layer. The active layer of LD is single QW of
i-InGaAs. The carriers injected in QW are captured very
fast causing activation of TL [10].

2.2. Dynamic behaviour

To understand the response of the device to a small
signal with a frequency ®, we write the photon and
carrier density rate equations as follows [13, 14]:

dP P

—=GP+Ry, -——, 1
dt ®dN @)
d_N:GP_FL_E7 (2)
dt q T

where Ry, — rate of spontaneous emission in lasing mode,
T, — photon lifetime, t. — carrier lifetime, G — net rate of
stimulated emission, | — intensity of the current applied to
the laser diode, and q is the elementary charge, p is
optical power and N is the carrier density.

In the small-signal limit, the current signal is
assumed to be as follows:

| =1y+5le™, (3)

which causes the following variations in the carrier and
the photon densities:

N =N +8Ne’", (4)

P=P+5Pe™. (5)

The gain and spontaneous rate can be linearized as follows:

GG+ 99NN 6)
dN T,
Ry, = Ry (N)+&6N : ©)
p p dN

After substituting the small signal variations into
the rate equations, retaining only the first-order small
signal terms and eliminating SN, the relation between the
photon signal 8P and the current signal 81 becomes

v
E: Rip (‘D): (anr) : (8)
ol ((2711‘r )2 — o+ Jwy)

Here,

1]1dRy, P dg

ff=—p —— 2,0 = 9
(r) 4n2{rp dN +rpdN} ©
and

y:4n2(fr)21:p. (10)

The transfer function of HBT can be obtained from [9] in
the following form:

R e ——
rer () J2nf 42,

where [ is the common emitter current gain and fj, is the
HBT cutoff frequency, respectively.

The overall transfer function of HBT/LD can be
obtained from Egs. (8) and (11) as follows:

G(®)=Ryp(®)x Rygr (@)=
- Bo ) (2nf, ) : (12)
J2nf +2nf, ((27tfr )2 _ (2ch )2 +J (2nf )Y)

The amplitude of the expression (12) is

|G(@) =|Rip (@)% Rygr (@) =

_ Bo ) (27Tfr)2
Jert o enty |(on, P - (2nf R J + (2t
(13)
Its magnitude is given by
Po
G(o) . =20log X
Clel © Jext (2t
) (ox, } (14)
Jent, 7 - (2nt )2 + (2nty
The phase is calculated as follows:
¢ =2G(0)=tan"(Rp () + tan~(Rygr (). (15)
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Therefore,
2
¢ ==tan ‘l[hj +tant (2nt,)
f ((2nf, ) - (2nt )2}
To obtain the transient response of the optical gain of TL
device, EqQ.(12) must be transformed into the time-

domain one using Fourier or Laplace Transform after
setting s=J2nf :

(16)

2
G(t)= |_1G(S)= B Bo . (2nf, )
S+200 (an, f - (sF + 3(s))
a7
where G(s) is the Laplace Transform of G(t).

The following expression is obtained after all
transformations:

(f,)?e " cosh Wy -4k ) oA |
r

G(t)=Po 11+

|_
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Fig. 2. LED mode magnitude response of HPT/LD at different
values of HBT cutoff frequency. 1(red) — f, = 0.1 GHz, 2(blue)
— 0.2 GHz, 3(black) — 0.3 GHz. (Color online)
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3. Results and discussions

The values of device parameters used in the calculations
are as follows: f, = 0.1 GHz, y = 0.01 GHz, p = 100, and
f, = 3 GHz. The amplitude response of the optical gain of
HPT/LD at different values of HBT cutoff frequency is
shown in Fig. 2. It can be seen from this figure that the
amplitude of HPT/LD has a constant value in the low-
frequency range. It should be noticed as well that the data
presented by the plot in Fig. 2 are calculated for the first-
order low-pass filter mode of LED operation. In this
mode, the overall transfer function consists of two terms,
each term being a first-order low-pass filter. The
amplitude of one term depends on the HBT cutoff
frequency, while the amplitude of the other one depends
on the damping frequency. It can be also seen from Fig. 2
that the amplitude linearly decreases with the increase of
frequency in the higher-frequency range. At this, the
amplitude is lower and the bandwidth is larger at higher
cutoff frequencies.

The phase response of the developed optical device
is obtained by measuring the relationship between the
phases of input and generated output signal. The phase
response of the optical gain of HPT/LD at different
values of HBT cutoff frequency for the LED

(18)

mode operation of laser diode is shown in Fig. 3. It can
be seen from this figure that the phase of the device
gradually decreases from zero value at the frequencies
close to the HBT cutoff one and reaches —180° at higher
frequencies. The phase response increases with the
increase of HBT cutoff frequency at frequencies close
to it. Obtained results have a good agreement with the
results of the measurements of the frequency response of
TL operating in LED and lasing mode presented in [7,
15]. Operation of heterojunction bipolar light emitting
transistor (HBLED) in LED mode was analyzed and the
lasing mode was developed for a heterojunction bipolar
laser transistor (HBLT) model.

The device operates in lasing mode when the
resonance frequency is greater than the damping one. The
amplitude response of the device operating in lasing
mode versus frequency at different values of HBT cutoff
frequency is shown in Fig. 4. It can be seen from this
figure that at lower values of HBT cutoff frequency the
amplitude is higher in the low-frequency range. The
amplitude suddenly jumps to a peak value when the
frequency is close to the resonant one. This peak directly
depends on f,, while the HBT cutoff frequency has
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Fig. 3. LED mode phase response of HPT/LD at different
values of HBT cutoff frequency. 1(red) - f,=0.1GHz,
2(blue) — 0.2 GHz, 3(black) — 0.3 GHz. (Color online)
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Fig. 4. Laser mode magnitude response of HPT/LD at different
values of HBT cutoff frequency. 1(red) - f,=0.1GHz,
2(blue) — 0.2 GHz, 3(black) — 0.3 GHz. (Color online)

no effect on it. At high frequencies, far away from the
resonant one, the amplitude quickly decreases to the
lowest value. These results have a good agreement with
the results of the measurements of the frequency
response of TL obtained in [16]. Improvement of
amplitude response requires the increase of bias current.
However, the resonance frequency and damping rate
become eventually large, which limits the enhancement
of device performance. Therefore, to achieve larger
values of response at low bias currents, the differential
gain should be high to reduce the damping effect and
increase the resonant frequency at the same time.

Figure 5 shows the frequency dependence of the
phase response of the device operating in lasing mode at
different values of HBT cutoff frequency. It can be seen
from this figure that the phase has a constant value up to
the frequencies close to the HBT cutoff one and
gradually decreases thereafter. The phase jumps down to
the lowest value at the frequencies far away from the
HBT cutoff one. The generated optical signal makes
multiple round trips within the optical cavity before
emerging. Each round trip causes loss of intensity and
phase delay. The optical loss depends on the cavity
length and its absorption properties. The phase delay is
determined by the refractive index of the cavity region,
operating wavelength and cavity length. Obtained results

concerning the phase variation with frequency in the
LED and lasing mode show a good agreement with the
measurement results presented in [17].

In the time domain, the transfer function (12)
should be used to evaluate the transient response
of TL devices. It should be transformed to the time
domain by using any method like Fourier or Laplace
Transform after setting s =J2xf. Transient behavior of
optical output gain at different values of damping rate
and lower values of HBT cutoff frequency is shown in
Fig. 6. It can be seen from this figure that increase of
damping frequency plays a major role in reducing the
oscillatory peaks, while the lasing peaks of optical gain
still have lower values as long as the HBT cutoff
frequency is low. The transfer function for the device
under study is considered as a third-order one with a
single real and two complex conjugate roots. The
dominant pole approximation scheme can be applied to
this function. The device transfer function consists of
three poles. The dominant pole is evaluated by
comparing the value of the real root of HBT cutoff
frequency f, with the real part of the conjugate root of
damping rate y/2. Since f, = 0.5 GHz and y/2 ranges from
0.05 to 0.45 GHz, fy, is slightly greater than y/2. This
means that the complex conjugate root dominates and the
time response starts to move toward the second order low
pass filter scheme.
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Fig. 5. Laser mode phase response of HPT/LD at different
values of HBT cutoff frequency. 1(red) - f,=0.1GHz,
2(blue) — 0.2 GHz, 3(black) — 0.3 GHz. (Color online)
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Fig. 6. Time response of optical output gain at different values
of damping frequency and f, = 0.5 GHz. 1(red) — y =0.1 GHz,
2(blue) — 0.5 GHz, 3(black) — 0.9 GHz. (Color online)
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Fig. 7. Time response of optical output gain at different values
of damping frequency and f,=1 GHz. 1(red) — y=0.1 GHz,
2(blue) — 0.5 GHz, 3(black) — 0.9 GHz. (Color online)
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Fig. 8. Time response of optical output gain at different values
of damping frequency and f,=2 GHz. 1(red) — y = 0.1 GHz,
2(blue) — 0.5 GHz, 3(black) — 0.9 GHz. (Color online)
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As shown in Fig. 7, the oscillatory lasing peaks
increase with the increase of HBT cutoff frequency and
reach higher values without saturation. The TL device
tends to reach the stable mode at higher values of
damping frequency corresponding to the maximum peaks
of the optical gain of 1.2. With the increase of HBT
cutoff frequency from 0.5 to 1GHz to notice the
approximate response of the device, the value of HBT
cutoff frequency is greater than the real value of the
conjugate root, so the second order roots strongly
dominates and the time response behaves like second
order characteristic function with higher peaks and tend
to produce the steady state stability.

Figure 8 shows transient behavior of optical gain at
different values of damping rate and increased HBT
cutoff frequency, f,=2 GHz. The device has higher
value of gain up to 1.6 and improves short-time stability,
which is beneficial for application of such devices in
high-speed optical communication systems. The value of
HBT cutoff frequency is larger than y/2. Therefore, the
complex conjugate root is dominating. The device
operates in lasing mode and behaves like a second-order
low-pass filter with better steady-state stability as
compared to the cases considered above. Oscillations in
time appear due to photons and carrier exchange in the
active region of HBTL caused by radiative recombi-
nation of electrons. At large resonance frequencies,

population inversion is created in the active region due to
injection of the high concentrations of carriers. In the
lasing mode, a significant amount of injected carriers is
lost in the active region causing photon damping during
subsequent photon emission.

4. Conclusion and future work

This paper is devoted to theoretical evaluation of the
frequency response of the amplitude and phase of an
optical integrated device. This device is composed of a
heterojunction bipolar transistor and a laser diode and is
called a transistor laser. The frequency dependences of
amplitude and phase at different values of HBT cutoff
frequency are analyzed. The frequency response strongly
depends on the cutoff frequency and can be enhanced by
its increase, which, however, leads to amplitude reduction.
The transient response of this device at the HBT cutoff
frequencies larger than the half of the damping rate
corresponds to the lasing mode of device operation with
second-order low-pass filter behavior. The opposite
behavior is observed when the HBT cutoff frequency is
lower than the half of the damping rate. Our study will be
extended by analytical modeling of the temporal
response of the device structure considered in this paper
using its equivalent circuit. Since the developed transistor
laser device reaches a steady-state high gain in a very
short time, it is a good candidate for applications in fast
and high-gain optical interconnection systems.
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AHaJIi3 TMHAMIYHAX XapaKTePHUCTHK ONTHYHOI0 iHTETPOBAHOI0 IPUCTPOIO B PesKNMi reHepamii
Sh.M. Eladl, K.A. Sharshar, M.H. Saad

AHoTanig. Y gaHii poOOTI 4YMCENIbHO MPOAHANII30BAHO JAWHAMIYHY XapaKTEPHCTHKY OITHUYHOTO MiJACHUIICHHS
ONTHYHOTO IHTETPOBAHOTO MPHCTPOIO, IO CKIATAETHCS 3 TeTeporepexinHoro 6inonspaoro Tpansucropa (HBT) ta
nazeproro miona (LD). lleif Tunm iHTErpoBaHOTO ONTHYHOTO TPHCTPOIO Mae Ha3By TpaHaucTtopHuii sazep (TL).
CrioyaTKky MOJETIOBAHHS IOYMHAETHCSA 3 PO3B’A3aHHS PIBHAHHA U BUAKOCTI LD, m06 oTpuMaTu Horo nepenaTHy
¢yuxuiro. [To-npyre, 3aranpHa nepepaTHa (QYHKIISL BCIET CTPYKTYpH aHANI3y€eThCs yncenbHo. [IpoaHani3oBaHO BILUIMB
yactot Biaciuku HBT Ha amruiitynHy Ta (a3oBy 4acTOTHY XapakTepucTuky. Pesdynabpratu nokasywoors, mo HBT
CHJIBHO BIUTMBAa€ Ha MPOIYKTUBHICTH NPUCTPOIO, e BUILI 3HAUCHHs 4acTOTH Bigciuku HBT naroTh HUOXKYy aMILTITYRy
B Jlana3oHi HU3bKUX YacToT. Ha Biqminy Bix ¢azoBoi xapakTepucTukH, BUma yactoTa Biaciuku HBT nae Bumy dasy.
OCKIIBKH 1151 MOJIENh BCe IIe CTaOlIbHa i 3a0e3Medye MBHUIKY PEaKI[ifo Ta BUCOKE ONTHYHE MiICHICHHS Ha BICOKUX
YacTOTax, 1 MOXXHa BHKOPDUCTOBYBATHM SK ONTHYHUIM TIACWIIOBAY Ta ONTHYHMH IEepeMHUKad y JyxKe
BUCOKOIIBHU/IKICHUX ONITHYHUX CHCTEMaX.

KoarouoBi cioBa: onTH4HUI IHTErPOBaHUI MPUCTPIi, Ja3epHUH Ai0J], reTepornepexiqHuil OINOJSPHUN TPaH3HCTOP,
TPAH3UCTOPHUH J1a3ep, TETEpONepeXimHui OIMONApHUA TPaH3UCTOPHUI Ja3ep, TeTepoNepeximHui OImoIsIpHUIA
CBITJIOBUIIPOMIHIOIOUHIA TPAH3UCTOP.

Eladl Sh.M., Sharshar K.A., Saad M.H. Dynamic performance analysis of lasing mode optical integrated device
202



	2.1. Structure and operation of the device
	2.2. Dynamic behaviour
	3. Results and discussions
	4. Conclusion and future work
	8. Basu R., Mukhopadhyay B., Basu P.K. Modeling resonance-free modulation response in transistor lasers with single and multiple quantum wells in the base. IEEE Photonics Journal. 2012. 4, No 5. P. 1572–1581. http://dx.doi.org/10.1109/JPHOT.2012.2211075.
	9. Eladl Sh.M., Saad M.H. Analysis of a quantum well structure optical integrated device. Semiconductor Physics, Quantum Electronics and Optoelectronics. 2017. 20, No 2. P. 204–209. https://doi.org/10.15407/spqeo20.02.204.
	10. Kaatuzian H., Mojaver H.R., Taghavi I. Optical modulation bandwidth enhancement of heterojunction bipolar transistor lasers using base width variation. Int. Conf. 2011 Numerical Simulation of Optoelectronic Devices. 2011. P. 75–76. https://doi.org...
	13. Lenstra D., Fischer A.P.A., Ouirimi A. et al. Organic diode laser dynamics: Rate-equation model, reabsorption, validation and threshold predictions. Photonics. 2021. 8, No 7. P. 279. http://dx.doi.org/10.3390/photonics8070279.
	14. Déziel J.-L., Dubé L.J., Varin C. Dynamical rate equation model for femtosecond laser-induced breakdown in dielectrics. Phys. Rev. B. 2021. 104. P. 045201. https://doi.org/10.1103/PhysRevB.104.045201.
	15. Ranjan R., Pareek P., Das M.K., Pandey S.K. Numerical design and frequency response of MQW transistor lasers based entirely on group IV alloys. J. Comput. Electron. 2021. 20. P. 1760–1768. http://dx.doi.org/10.21203/rs.3.rs-164636/v1.
	16. Ramya R., Pirarmasubramanian S. Effect of Franz–Keldysh absorption on the short optical pulse generation in Transistor Laser. J. Opt. Commun. 2020. 474, No 1. P. 126087. https://doi.org/10.1016/j.optcom.2020.126087.
	17. Zhang Z., Han H., Tian W. et al. A fully stabilized low-phase-noise Kerr-lens mode-locked Yb:CYA laser frequency comb with an average power of 1.5 W. Appl. Phys. B. 2020. 126. Article No 134. https://doi.org/10.1007/s00340-020-07485-6.

