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Abstract  Charge control model and rate equations have been exploited for the first time
in order to glean the optical frequency response of a long-wavelength heterojunction bipolar
transistor laser. For a 1.56 pm N-InP/p-InAlGaAs/N-InP fabricated transistor laser with a
single quantum well, the optical bandwidth is estimated using this model. All parameters of
the mentioned model have been computed for this new type of long wavelength transistor
laser. It has been found that frequency response of this optoelectronic device has a 29dB
resonance peak which is not very desirable and is so higher than traditional GaAs transistor
lasers. Furthermore, we have illustrated that the resonance peak will decrease and the optical
bandwidth will increase, if we increase the width of the quantum well. Finally, we have ana-
lyzed that how base width affects on the optical bandwidth and resonance peak of frequency
response. It has been proved that, there is a trade-off between larger bandwidth and lower
resonance peak for base width effect.

Keywords Transistor laser - Long-wavelength - Optical frequency response -
Quantum well - Base width effect

1 Introduction

The invention of Transistor Lasers (TL) in year 2006, made it possible, the creation of an
electronic device which works as transistor and laser with two optical and electrical outputs
simultaneously (Holonyak and Feng 2006; Kaatuzian 2005). This device is a Heterojunction
Bipolar Transistor (HBT) with a Quantum Well (QW) in its base, which reduce carrier life
time in the base region, and increase photon generation subsequently. The first generation of
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Fig. 1 a The epitaxial structure of the long wavelength TL, b charge control model for the TL under base-
emitter forward bias and base-collector reverse bias. The electron recombination and photon generation inside
the QW are illustrated

TLs has been dominantly fabricated from GaAs-based materials, and thereby the emission
wavelength is limited to near-infrared region (A ~ 1 um) (Feng and Holonyak 2005). For
fiber optical communication applications, the operating wavelength should be extended to
either 1.3 or 1.55 um. So the InP-based materials TLs such as InAlGaAs/InP have been
introduced (Dixon et al. 2008; Huang and Ryou 2011).

Figure la shows the epitaxial structure of the N-InP/p-Ing 55(Alp 4Gag ¢)0.47As/N-InP
transistor laser with the emission wavelength of 1.56 um which is analyzed in this
work. In this structure the InP emitter and collector serve as the cladding layers and
Ing 53(Alp.4Gap 6)o.47As base serves as the waveguide layer. An 8 nm undoped Ing ssGag 42 As
QW is placed in the middle of base too. Experimentally Hung et al. have demonstrated a TL
based on this structure operating at 77 K in continues-wave mode (Huang and Ryou 2011;
Huang et al. 2011).

Previous works for traditional GaAs TLs show that, optimizing various parameters of TLs
like base width, QW width and QW location, will improve TLs characteristics like optical
frequency response (Kaatuzian et al. 2011; Taghavi and Kaatuzian 2010). In this work, we
study QW and base width effect on optical frequency response of InP based material long-
wavelength TLs using a charge control model, in order to improve their optical frequency
response.

2 Modeling

For obtaining the frequency response of transistor lasers, an appropriate model for transistor
laser is needed. In this work coupled rate equations which are based on charge control model
have been used (Zhang and Leburton 2009). Figure 1b shows the schematic of important
processes in the base region of the sample HBTL, under active bias condition. In this figure
the electrons diffuse across the base region from left side (Emitter junction) to the right side
(Collector junction) and some of them recombine with the holes in this movement. The base
width is shown by W, when Wy and xqw are QW width and the distance of QW from emitter
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junction. The recombination occurs via two processes. The first one is the direct recombi-
nation outside the QW region with the life time of 7,50 and the second one which is more
possible is recombination inside the QW. For this type of recombination, the electrons are
captured in the QW with the electron capture time of ¢, and then recombine with the holes
with recombination life time of rgf,;f . We consider a two-level system in which the electron
and holes recombination only occurs between ground states, so it can be said that if the base
current is below the threshold level rggf = Tqw, Tqw 1 the lifetime via spontaneous emission
which will be explained later. But when the base current is above the threshold level, since
both spontaneous and stimulated emission occurs, & will be calculated by Eq. (1).

qw
-1
ng = (l/qu + 1/Tst) (D
In which 7 is recombination lifetime via stimulated emission and defines in this way:
-1
T = [QNp ()] )

In Eq. (2), @ is differential gain factor which will be explained later and Ny (t) is photon
density. Now we can use coupled rate equations to describe the TL action:

dn@® _ vQuy® _ n(®)

at Teap chw — Q[n(t) — ne ] Np (1) 3)
o0 — & o)~ nI Ny + 20 0¥ )
t Tqw Tp
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dt q Trb
1 1—v v
— = + (6)
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Equations (3) and (4) are the coupled rate equations for electron-photon interaction in the
QW. In these equation n(t) is electron density and Np(t) is photon density. In Eq. (3), v is QW
geometry factor which gives the fraction of base charges captured in the QW and defines
by v = (Wqw/Wp)(1 — Xqw/Wp). s0, vQy(t)/Tcap is the base charge captured in the QW.
n(t)/Tqw is electron spontaneous recombination rate inside the QW, Q[n(t) — ny] Np(t) is
the stimulated emission rate and ny is the transparency electron density. This equation has
formulated the rate of change in charges in terms of photon generation rate by stimulated
and spontaneous recombination and charges captured in the QW. In Eq. (4), 6 is fraction
of spontaneous emission which is coupled to the cavity mode and Ny (t)/7, is photon loss.
We can ignore the term 6n(t)/Tqw because in this work 74y /6 ~ 10ns, which is at least two
order of magnitude larger than any other time scales. Rate of variation in photons has been
expressed as a function of photon generation rate by stimulated and spontaneous recombina-
tion and the rate of photon loss in Eq. (4). In Eq. (5), J(t) is base current density, and Qy(t)/ 7
is the base charge loss in which 1/7y, is base charge loss rate which is weighted sum of the
loss rate caused by the recombination outside the QW and by the QW capture process and is
mentioned in Eq. (6).

The steady state solution for electron and photon densities can be obtained by setting
dn(t)/dt = 0, dNp/dt = 0 and dQ(t)/dt = 0 in (3)—~(5):

1

= — 7

np = Ny + Qr, @)
T Jo

Nozno—p(——l) ®)
P Tqw Jth
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In which Jy, is the threshold current density and define as:

_ qno Tcap
UTqw Trb

Jin 9

Now, small signal analysis can be performed by superimposing a small sinusoidal signal to
the dc value which means J(t) = Jo + AJ(t). By using phasor analysis, optical output S(w)
can be defined as:

ANy (@)

S(w) = 10
() Al(w) (10)
Solving Eq. (10) in phasor domain using Eq. (3)—(9) will result in:
S(w) ! 4 (11)
w) =
| +ioty ) 0} — @? +iwy
In which:
QuN
A = 220p0Td (12)
qTcap
QNpo
wf = —= (13)
5y
1
y = — +QNp (14)
Tqw

3 Modeling parameters

By using Eq. (11) optical frequency response of a HBTL can be obtained, but first we should
define the parameters and constants in this equation, especially for long wavelength HBTL
which is used in this work. In this part we define the parameters and constants of the model
which explained in previous part.

3.1 tqw

The emission of light by a charge carrier is essentially a scattering event between an initial
state ‘i’ and a final state ‘f”. The electromagnetic field is the time-dependent perturbation H
which induces this event. The transition rate from the initial electronic state to the final state
is given by Fermi’s Golden Rule (Harrison 2005):

= oo < 4
w f

where the superscript on the energies has been introduced to indicate that, these are the total
carrier energies, which contain both kinetic and potential energy components.

The actual lifetime for intersubband spontaneous radiative emission is obtained by sum-
ming Eq. (15) over all photon modes. Conveniently, Smet et al. quotes the results as (Smet
et al. 1996):

1 )

LI NG 16
Tqw  4em*c?Wy, if (16)
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Fig. 2 Recombination lifetime 350 |
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where, Ojr is oscillator strength which is dependent on the dipole matrix element by (Berger
1994):

2m*w

n

Oif = |(rilz|ve) 12 (17)

where w is angular frequency of light, and m* is reduced effective mass given by
(mg m{)/(mg +mj), m} and m] are the effective masses of electrons and holes, respectively.
Figure 2 shows tgy versus Wy for different wavelengths which calculated by Eq. (15).

3.2 Teyp

Electron capture time in quantum well (Tcap) is the transit time of electron from emitter junc-

tion to QW. Since the diffusion constant assumed to be uniform throughout the base region,

D = 26cm? s~ !, we can write (Feng et al. 2007; Then et al. 2007):
Xqw

Tcap = 5 (18)

33 Trb0

Base charge bulk life time is the recombination life time of carriers in the base region except
QW. It can be related to the quantity By,q, the bimolecular radiative recombination coefficient
by:

1
BradNB

Tib) = (19)

3.1

where, Np is the hole density of base. The value of By is reported to be 1.9 x 10710 cm?3 s~
for GaAs. (Then et al. 2007) Since Eq. (19) is an approximate equation we can assume the
same value for InAlGaAs in this work with no remarkable error.

34 1
The photon lifetime (z,) can be obtained from Eq. (20) in which L is the cavity length, R1,

R2 are cavity facet reflectivity and n is refractive index. «; is photon absorption which is
obtained from Eq. (21) (Feng et al. 2006; Dixon et al. 2008):
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U\ L (] %
5= @)oo () &

ai = (Twa + Fow) kpNp (1)

In which k;, is intervalence band absorption (Asada 1984), I'w is the waveguide optical con-
finement factor and I'gw is quantum well optical confinement factor. It should be mentioned
that the base region is the waveguide in this work.

35 Q,ny

Stimulated recombination rate R is calculated by Eq. (22) in which g is the optical gain and
derive from Eq. (23) (Coldren and Corzine 1995):

C
Ry = ;ng (22)
r
h)\Z *
g = zim (1 _ e—NQW/Nc _ e—NB/NV) (23)
207 Tqw Waw
NQW _ Tesc No (24)
Tcap

Nc and Ny are density of states of conduction and valance bands, and Nqw is Bounded carrier
density in the QW, which is derived from Eq. (24) (Huang and Ryou 2011). In this equation
Tesc 18 the carrier thermionic escape lifetime which is normally one order of magnitude larger
than 7qy. (Faraji et al. 2009) and N is the average unbounded carrier density around the
QW which is set by boundary condition at the reverse-biased base-collector junction. Ny and
Now are also shown in Fig. 1b.

Equation (23) shows that g is a logarithmic function of Ny but since for many situations
only small portion of the curve near and above the transparency point is of interest, a straight
line approximation is often very useful, that is:

g=a(m—ny) (25)

where a is the differential gain, dg/dn, and ny is the transparency carrier density. Using
linear approximation of g in Eq. (22) leads to a linear approximation for stimulated emis-
sion which shows by Q[n(t) — ny]Np in Egs. (3) and (4). From Egs. (25), (22) it is clear
that = (c¢/n;)*a. All of the modeling parameters which have been defined in this part are
summarized in Table 1.

4 Results

In this part the optical frequency response of the TL will be obtained by placing the parame-
ters which have been defined in part 3, in Eq. (11). The main physical parameters of the long
wavelength TL which has been fabricated by Huang et al. and has been used in this work
are summarized in Table 2 (Huang and Ryou 2011). Figure 3 shows the optical frequency
response of this TL. The cutoff frequency of this TL is 12.3 GHz which is lower than GaAs
TLs cutoff frequency. The cutoff frequencies of traditional GaAs TLs are more than 30 GHz
(Feng et al. 2007). The other fact which is more important is the high resonance peak of the
frequency response for this TL. The curve shows 29 dB peak which is not desirable and to
some extent the low bandwidth is related to this fact. For GaAs TLs there is no resonance
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Table 1 Modeling parameters for the transistor laser

Symbol Definition Unit
Tqw Recombination lifetime via spontaneous emission in QW S

Tst Recombination lifetime via stimulated emission in QW S

v Geometry factor Unitless
Tcap Electron capture time in quantum well s

Tth Base charge life time s

b0 Base charge bulk lifetime s

7 Photon lifetime s

Q Differential gain factor m2 5!
e Transparency electron density m—2

Table 2 Physical parameters of the long wavelength TL

Symbol Definition Value Unit
Wy Base width 108 nm
Wqw Quantum well width 80 A

Xqw Distance from emitter junction to QW 500 A

A Wavelength 1.56 pm

T Temperature 77 K

Np Base doping 1 x 1019 cm ™3
ny Refractive index 3.34 Unitless
kp Intervalence band absorption 4 x 10717 cm?
I'wg Waveguide optical confinement factor 0.1 Unitless
Fow Quantum well optical confinement factor 0.01 Unitless
Ri, Ry Facet reflectivity 0.3 Unitless
L Cavity length 800 wm

D Diffusion constant across base region 26 cm? 5!
N¢ Density of states of conduction bands 7 x 1017 cm™3
Ny Density of states of valance bands 3x 1018 cm™3

peak while for diode laser this resonance peak is in the order of 5dB. The most important
reason of this high resonance peak is low differential gain factor (£2) for the new material
which equals t0 9.7 x 1073 cm? s~! as we calculated, while this parameter was 0.5 cm?s~!
for GaAs TLs (Zhang and Leburton 2009).

The other curves in Fig. 3 show that, increasing the QW width will result in decreasing
the resonance peak and improvement of optical frequency response. The inner part of Fig. 3
shows the cutoff frequency of the optical frequency response as a function of Wgy. This
figure implies the increment of cutoff frequency due to widening the QW. It shows that, it
is possible to reach 25 GHz bandwidth with QW width of 300 A. Our previous works show
that although wider QW will result in improving the optical frequency response, the current
gain of TL (B) will decrease in this manner, because widening the QW increase the probabil-
ity of recombination in QW, and decrease the carriers who reach the collector, respectively
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Fig. 3 Main panel: optical frequency response of the TL for different QW widths. Its improvement due to
QW width increment is obvious. The inset figure shows the cutoff frequency of TL versus Wqw
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Fig. 4 (a) Resonance peak as a function of Wqw. This curve shows the decreasing of resonance peak with
increasing of Wqyw. (b) Resonance peak as a function of Wy,

(Kaatuzian et al. 2011). Figure 4a shows the resonance peak variation as a function of Wqy
in a more obvious manner. In this figure, it is clear that, 120 A increment in QW width will
result in 8 dB decreasing in resonance peak.

In addition to QW width, the base width of this long wavelength TL, can affect the optical
frequency response too. Figure 4b shows the resonance peak versus Wy,. It can be seen that
the curve has a maximum at 100 nm, near the value, in which Huang et al. fabricated the TL.
On the other hand Fig. 5 shows that the TL would have the largest bandwidth with this Wy,
This figure shows that for various QW widths, 105 nm is optimum value for Wy, in order to
have the largest bandwidth. So unlike QW width, in which lower resonance peak leads to
larger bandwidth, there is a tradeoff between bandwidth and resonance peak for base width
effect. Finally it should be mentioned that, as it can be seen in Fig. 4, widening the QW
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reduces the resonance peak about 7 dB but changing Wy, will affect the resonance peak only
about 2 dB. Similarly the comparison of the inset of Fig. 3 and Fig. 5 shows the larger effect
of Wqyw on the cutoff frequency of TL than Wy,. These facts show that Wy, has greater effect
on optical frequency reponse of TLs than Wy. This is because of the large effect of Wy,
on probability of carrier capturing in the QW. Although Wy, has greater effect on optical
frequency response than Wy, since widening the QW reduces the current gain, this parameter
cannot be changed widely.

5 Conclusion

In this paper, we have employed charge control model for analyzing the frequency response
of along wavelength HBTL for the first time. In order to achieve this goal, three coupled rate
equations for electron and photons have been solved in the base region which includes a single
QW. All parameters of the mentioned model have been calculated for this new type of long
wavelength TL. The results have shown that, the fabricated HBTL possess a 29 dB resonance
peak which is not very desirable. We have analyzed the effect of changing the base width
and QW width on optical frequency response and specifically the resonance peak. Although,
wider QW will result in less current gain (8), results show that it can decrease the resonance
peak and increase the optical bandwidth significantly. 120A increment in QW width will
result in 8dB decrease in resonance peak and 15 GHz increase in optical bandwidth.

It is possible to find an optimum value for base width in order to maximize the bandwidth,
totally similar to traditional GaAs TLs. Our analysis shows that this value is approximately
1,0501& for this TL. Unfortunately, it should be noticed that for this base width value, the
resonance peak will be maximized too. There are other methods to improve the TL frequency
response more including optimization of other parameters of TLs, like base doping, and using
more accurate model.
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