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Abstract.  We report analytical and theoretical results of simula-
tion of a graded-base, single quantum well (SQW) transistor laser 
(TL). Using an appropriate carrier transport model, device perfor-
mances for different confinement structures are studies. Physical 
parameters including the diffusion constant and optical confine-
ment factor are calculated, and the dependence of the optical 
response on both current level and structure design (e.g. base dop-
ing and cavity length) is investigated. Simulation results show that 
using graded index layers of AlxGa1 – xAs (x: 0.1 ® 0) in the left-
hand side of the QW and AlxGa1 – xAs (x: 0.05 ® 0) in the right-
hand side of the QW (instead of GaAs in the base region) increases 
the optical output power by a factor of 3, eliminates completely the 
resonance peak, and most interestingly increases optical bandwidth 
by ~37 % compared to the conventional (i.e. non-graded base) 
structure.

Keywords: transistor laser, graded index confinement structure, 
differential laser output, optical response, resonance peak.

1. Introduction

A light-emitting transistor (LET) was introduced more than a 
decade ago  [1] by  extracting  radiative  recombination  in  the 
base  layer  of  a  heterojunction  bipolar  transistor  (HBT). 
Incorporating  one  (or  a  few)  quantum well(s)  (QW)  in  the 
base region of the LET, one can achieve a high level of carrier 
recombination [2]. Continuous wave three-port (one electrical 
input, one electrical output, and one optical output) opera-
tion of  such a device  [called  transistor  laser  (TL)] at  room-
temperature was first reported in [3].

The base region is critical to the transistor and all its ver-
sions  including the TL, as  it contains an active region from 
which stimulated recombination is extracted for laser opera-
tion [4]. Among versatile properties of the active region, the 
QW  transit  time  (from  the  emitter  to  the  QW)  and  active 
region transit time (from the emitter to the TL collector) are 
of key  importance for the quantum well  laser operation [5]. 
Other parameters, like QW dislocation, QW width and base 
width  variation,  have  previously  been  investigated  by  the 
authors [6 – – – –  9]. Carrier transit times across the separate con-
finement heterostructure (SCH) in the active region (base) in 
a single quantum well (SQW) TL is demonstrated in Fig. 1. 

The  carrier  transport  time  through  the  left  SCH  region  is 
comparatively  longer  in  the HBTL  than  in  the  diode  laser 
(DL) with the same SCH width because of a higher diffusion 
constant  [10].  In  order  to  maximise  the  modulation  band-
width of a quantum well laser, the carrier transit time across 
the  SCH  should  be  somehow  minimised.  One  proposed 
method is based on utilising a graded index (GRIN) structure 
for the SCH which results in a built-in field and consequently 
a  reduced  transit  time  [5,  11].  Establishing  the  above-men-
tioned built-in quasi-electric field, the current flow includes a 
drift component in addition to diffusion component which in 
turn reduces the transit time. 

The  effects  of  the  graded  base  on  the  transit  time  have 
been already  investigated both theoretically and experimen-
tally in HBTs [12, 13] as well as in quantum well lasers [14, 15]. 
However,  theoretical  estimation  of  these  effects  on  various 
optical  and  electrical  characteristics  of  the  transistor  laser, 
with potential applications in tailoring this three-port device, 
has not been studied. Feng et al. [16] have already reported a 
2.5 ps carrier recombination lifetime for a conventional tran-
sistor laser. We show here, however, that even a sub-picosec-
ond  carrier  lifetime  is  achievable  when  a  well-designed 
graded-base region is utilised. 

In the present paper, we consider a GRIN-SCH structure 
by using AlxGa1 – xAs instead of GaAs in the SQW-TL. The 
energy gap (in eV) of the AlxGa1 – xAs material at x < 0.45 
is determined as Eg (AlxGa1 – xAs) = 1.424 + 1.247x, and the 
induced built-in potential can be achieved using e = DEg ´ 
(qWSCH)–1, where WSCH is the SCH width, DEg is the bandgap 
energy difference at two sides of SCH regions and q is the 
electron  charge.  Using  AlxGa1 – xAs  (x:  0.1 ® 0)  in  SCH1 
and  AlxGa1 – xAs  (x:  0.05 ® 0)  in  SCH2  yields  e »  21  and 
22 kV cm–1, respectively. These values of quasi-electric fields 
are in good agreement with the experimental values reported 
in the literature [12, 13]. To make it clear and show the effects 
of the graded index in the SCH regions separately, we investi-
gate  different  confinement  structures  in  the  SQW  TL.  In 
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Figure 1. Schematic  of  the  carrier  transport  through  the  SCH  in  the 
base region.
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Section  2  we  introduce  band  alignments  of  different  struc-
tures  and  epitaxial  layers of  the GRIN-SCH SQW TL. An 
analytical model to describe GRIN effects in SCHs are con-
sidered in Section 3. In section 4 we discuss the base recombi-
nation  lifetime,  the differential  laser output  and  the optical 
frequency response for different structures. 

2. Confinement structures

The epitaxial structure and fabrication process of the primary 
HBTL in question have been entirely described in Refs [3, 4]. The 
TL is based on the n – p – n HBT (n-InGaP/p-GaAs/n-GaAs) 
in which  the base electric  field  is usually established by  lin-
early  grading  the  aluminium  (or  indium)  content  in  the 
AlGaAs (or InGaAs) base [17]. The newly proposed graded-
base  HBTL  structure,  called  the  GRIN-SCH  SQW  TL,  is 
shown in Fig. 2a. Figure 2b shows the geometry of the laser 
resonator. Compared to the original TL structure  in  [3], we 
did  not  alter  the  structure  of  the  whole  device  except  for 
SCH1 and SCH2. Our focus in this paper is the changes in the 
SCH rather than in the active region (i.e. QW). 

In this paper, we investigate different confinement struc-
tures. The  first  structure  is  the conventional GaAs base TL 
(Fig. 3a), while in the second structure, we use a graded index 
AlxGa1 – xAs  layer  (x:  0.05 ® 0)  only  in  SCH2  (Fig.  3b). 
Similarly, we use a graded index AlxGa1 – xAs layer (x: 0.1 ® 0) 
only in SCH1 (Fig. 3c) in the third structure. Finally, in the 
fourth  structure  graded  index  SCH1  and  SCH2  are  used 
simultaneously,  i.e.  AlxGa1 – xAs  (x:  0.1 ® 0)  in  SCH1  and 
AlxGa1 – xAs (x: 0.05 ® 0) in SCH2 (Fig. 3d). Schematic band 
diagrams of these structures are shown in Fig. 3. 

3. Model

As mentioned  before  and  shown  in  Figs  2  and  3,  the  base 
region in the TL is composed of three series sections, namely 
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Figure 2. (a) Schematic diagram of the epitaxial structure of the crystal 
used for the GRIN-SCH HBTL and (b) geometry of the laser resonator.
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Figure 3. Schematic band diagrams of different confinement structures under forward bias: (a) structure 1, conventional GaAs base TL, (b) GRIN-
SCH structure 2 with a graded index only in SCH2, (c) GRIN-SCH structure 3 with a graded index only in SCH1, (d) GRIN-SCH structure 4 with 
a graded index in SCH1 and SCH2 simultaneously. 



393Efficient carrier transport in GRIN-SCH transistor lasers

SCH1,  QW,  and  SCH2.  The  continuity  equations  in  these 
regions for the original TL (with a non-graded base) have the 
form [16]

¶
¶

¶
¶

t
n D

x
n n

bulk2

2

t= -   (1)

for SCH1 and SCH2 and

¶
¶

¶
¶
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2

t= -   (2)

for  the QW, where n(x, t)  is  the  electron distribution  in  the 
base; D is the diffusion constant; and tbulk and tQW are recom-
bination lifetimes in the bulk base and QW, respectively. In 
the  charge  control  model,  the  current  I  =  qAD(∂n/∂x)  is 
assumed to be continuous across the SCH1/QW/SCH2 inter-
faces.  In  GRIN-SCH  structures,  due  to  the  quasi-electric 
field, the base and collector current consist of both diffusion 
and the drift components: 

¶
¶

( )I qAD
x
n

qA n xb
eQW
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where WeQW is the distance from the emitter  junction up to 
the middle of the QW; Wce is the collector junction distance 
from the emitter (base width); neQW is the base electron distri-
bution  that  recombine  in  the QW and  constitutes diffusion 
component of the base current; nce is the base electron distri-
bution that transits from the base region (does not recombine 
in the QW) and constitutes diffusion component of the collec-
tor current; eb1 and eb2 are the quasi-electric fields  in SCH1 
and SCH2 respectively; mn is the minority electron mobility in 
the base region; and A  is  the emitter area. If we neglect the 
recombination outside of the QW (tbulk >> tQW) [16], then Ib 
and Ic are constant across the base region.

By assuming a zero charge density at the base – collector 
junction and continuity of the carrier density across the base, 
we can solve equations (1) – (4) analytically:
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where k1 =  [qeb1/(kT )]WSCH1 = DEg1/(kT )  and k2 =  [qeb2 ´ 
(kT )–1]WSCH2 = DEg2(kT )–1 are the SCH1 and SCH2 electric 
factor, respectively; n0 = [IcWQWc /(qADk2)][1 – exp(– k2)]  is a 
constant; DEg1 and DEg2 are the bandgap energy differences 
at the two sides of SCHs; and WQWc is the distance from the 
QW to the collector..

The transit time from the emitter to the quantum well (tt1) 
and from the emitter to the collector (tt2) can be expressed as:

( )dQ I qA n x xIt b eQW b
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1

0

1eQW
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where Q1 and Q2 are the base charges produced by neQW and 
nce, respectively. The overall effective base recombination life-
time can be expressed as:
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4. Simulation parameters

To simulatethe device, we need to calculate some of its optical 
and  structural  parameters  in  advance. All  of  these  primary 
calculations along with DC and AC analysis of the device are 
performed  within  a  set  of  self-consistent  codes  using 
MATLAB. 

4.1. Diffusion constant

Minority electron mobility in AlxGa1 – xAs (0 £ x £ 0.3) for 
donor densities between 1016 and 1019 cm–3 were calculated by 
Herbert [18], and the results are in good agreement with the 
experiment. Extracted values of electron mobilities for differ-
ent donor densities are shown in Fig. 4a. For the first order 
analysis (with good agreement with the experimental results), 
the  effective  minority  electron  mobility,  mneff,  in  the  base 
region, for different confinement structures is defined [19]
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Figure 4. (a) Extracted minority electron mobility in AlxGa1 – xAs (0 £ 
x £ 0.1) for different acceptor densities [18] and (b) calculated values of 
the diffusion constant for different confinement structures.
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The diffusion constant can be obtained using an approxima-
tion of the Joyce – Dixon equation by Einstein formula [17]: 

D q
kT

n n
effm= .  (11) 

The calculated values of the diffusion constant for differ-
ent confinement structures versus the base doping are shown 
in Fig. 4b.

4.2. Optical confinement factor

The optical confinement factor (OCF) for the transistor laser 
was calculated analytically in [10]. The refractive index profile 
of the GRIN-SCH SQW TL is depicted in Fig. 5a. The effec-
tive refractive index of the waveguide can be defined as

n W
W n W n W n

eff
b

SCH SCH
avg

QW QW SCH SCH
avg

1 1 2 2
=

+ +
,  (12)

where nSCH
avg

1, n 2SCH
avg  and nQW are the refractive indices; and Wb 

=WSCH1 + WQW + WSCH2. The normalised  thickness of  the 
optical waveguide can be described as

W n n2
b eff clad

0

2 2p
l

D = - .  (13)

With allowance for different cladding materials in the HBTL, 
we used for these layers an average refractive index 

n n n
2clad

clade cladc=
+ .   (14)

The optical confinement factor G can thus be estimated as

G » 
/ W

W

1 2
1

b

QW
2D+

. 

Figure 5b shows the calculated OCF for all three structures, 
and the inset shows the values of the effective refractive index 
of  the  waveguide  for  different  structures.  The  total  optical 
loss for this structure  is composed of two terms: the cavity-
dependent  mirror  loss,  am,  and  doping-dependent  intrinsic 
optical loss, ai:

2
ln

L R R
1 1

m
1 2

a = ,  (16)

k Ni p ba G= ,  (17)

where L is the laser cavity length; R1, 2 are the reflectivities of 
the cavity mirrors; kp is intervalence band absorption coeffi-
cient; and Nb  is the base doping concentration. The photon 
lifetime, tph, can therefore be calculated by the formula

( )n
c

ph
wg

m i
1

t a a= +
-8 B ,  (18)

where nwg is the refractive index of the waveguide.

5. Results and discussion

The  numerical  values  used  in  the  model  are  summarised 
below.

5.1. DC performance

Figure 6 shows the minority carrier distributions in the TL 
base,  calculated  by  Eqns  (5)  and  (6)  for  increasing  base 
currents in different structures. The results in Fig. 6a cor-
respond  to  a  conventional GaAs base  transistor  laser.  In 
this  structure,  there  is  no  quasi-electric  field,  and  so  the 
minority  carrier  distribution  is  constantly  tilted  in  both 
SCH regions. Figure 6b illustrates the carrier distribution 
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Figure 5. (a) Refractive index profile of the GRIN-SCH SQW TL and 
(b) optical confinement factor for structures 1 – 4. The inset shows effec-
tive refractive indices of the waveguide for different structures (the QW 
width is 16nm and is constant and the SCH width is variable).

Base width, Wce/Å.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .880 [16] 
QW distance from emitter  

    junction, WeQW/Å .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .590 [16] 
QW distance from collector  

    junction, WQWc/Å .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .290 [16] 
QW width, WQW/Å  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .160 [16] 
Bulk recombination lifetime, tbulk/ps .  .  .  .  .  .  .  .  .  .  134 [4] 
Base doping concentration, Nb/cm–3 .  .  .  .  .  .  .  .  .  .1 ´ 1019 

Temperature, T/K.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 300 
Boltzmann constant, k/eV K–1  .  .  .  .  .  .  .  .  .  .  8.617 ´ 10 –5 

Emitter area, A/mm2.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .120 ´ 120 
Laser cavity length, L/mm.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 450 
External quantum efficiency, hext .  .  .  .  .  .  .  .  .  .  .  . 0.1 [20] 

Fitting parameter, h .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 0.1 [20]
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in  structure  2;  as  it  turns  out,  there  is  a  variaable  tilt  in 
SCH2 only due to the quasi-electric field in this region. In 
the same way, in Fig. 6c, related to structure 3 (Fig. 3c), a 
variable tilt exists only  in SCH1. Finally, Fig. 6d demon-
strates the carrier distribution where tilting is apparent all 
across the base (except the active region) due to the quasi-
electric field in both SCHs.

Figure  7  shows  the  corresponding  calculated  effective 
base recombination lifetimes, tb, for each structure. Using the 
GRIN-SCH structure,  the overall effective base recombina-
tion lifetime tb can be significantly reduced. Apparently, the 

recombination lifetime is related to transit times across SCHs 
(tt1 and tt2) and charge populations Q1 and Q2.

Simulation results for transit times in different structures 
and  current  gains  as well  as  the  dependences  of  the  transit 
time  on  the  aluminium  mole  fraction  in  the  graded  index 
AlxGa1 – xAs  layers are  shown  in Figs 8a and 8b. Evidently, 
the change in the transit time from structure 1 to structure 2 is 
not prominent due to the location of the QW. However, one 
can drastically reduce this transit time by grading SCH1 as it 
is wider than SCH2. Similarly, the improvement from struc-
ture 3 to 4 is not so high to pay off the difficulties in fabrica-
tion. 

For the QW transistor laser with stimulated base recombi-
nation,  the  small  signal  current  gain,  b  =  DIc /DIb  can  be 
expressed as b = tb /tt [4], where tb is the overall effective base 
recombination lifetime that can be achieved using Eqn (9) and 
tt denotes the base transit time. The current gain for all struc-
tures is depicted in Fig. 8b. As it can be seen there is no sig-
nificant difference in the current gain values between original 
and proposed GRIN-SCH structures because of a slight vari-
ation of the base recombination lifetime. The effect of SCH1 
can be observed by comparing Fig. 8c with Fig. 8d. As a con-
clusion, both SCH regions’ width and the QW (or QWs) loca-
tion are among critical factors in designing a TL since in the 
HBTL only carriers of one types are transported. This  is  in 
contrast  to  the  case  of  a  conventional  diode  laser  in which 
both carriers (apparently with different velocities) are trans-
ported through SCH regions, resulting in a more nonuniform 
carrier distribution. Our simulation results show this advan-
tage of the TL compared to the DL. 
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By extracting Q1 and Q2 from Fig. 6 and using Eqn (9) at 
a threshold current Ith, we can obtain the spontaneous recom-
bination lifetime tbspon for structures 2 – 4. The dependence of 
the  spontaneous  recombination  lifetime  on  the  aluminium 
mole fraction in SCHs is depicted in Fig. 9 and can be also 
treated as an extra proof that SCH1 (which is located prior to 
the active region) has a more important effect on the overall 
performance of the device. It is worth noting that tbspon can 
directly alter the optical modulation bandwidth of the TL. 

An  expression  for  the  effective  differential  laser  output 
with  respect  to  a  change  in  the  carrier  density N  has  been 
obtained in [21]

d
d

P N
R q

I I
W1 1 1

g

st

ext

m

b bspon b b th

b

u h
a

t t= -
-

c m ,   (19)

where hext is the external quantum efficiency; Rst is the stimu-
lated recombination rate; ug is the photon group velocity; and 

P  is  the cavity photon population density. Figure 10 shows 
the effective differential laser output for the proposed struc-
tures. The highest optical output can be observed in structure 
4 due to its minimum base recombination lifetime. For Ib < 
Ib th,  the  stimulated  recombination  is  negligible,  and  conse-
quently, the recombination rate can be negelected.

5.2. AC performance

Laser rate equations for the TL can be obtained from a mod-
ification of the coupled carrier-photon equations 
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where N » (Q1 + Q2)/q is the total base minority carrier popu-
lation;  g  is  the  gain  per  unit  length  of  the  active  medium 
(QW); and Nph is the total number of photons. For the small-
signal  linear optical  response we obtain an analytical  equa-
tion [22]

( )
1 / 2( / )i

H A

n n
2 2

0w
w w w w z

=
- +

, 

where 

2
1

2n bspon

ph nz
w t

t w
= + ;   

I
I 1n

ph bspon b th

b2w t t
h

= -c m; 

A0 is a normalisation factor; wr = wn /(1 – 2z2)1/2 is the reso-
nance frequency; and h is a fitting parameter that has previ-
ously been calculated  [20]. The magnitude of  the  resonance 
peak is |H(wr)|2 = A0

2  /[4(1 – z2)z2]. 
Figure 11 shows the  intrinsic optical frequency response 

of  different  confinement  structures.  The  key  factor  of  the 
optical frequency response in the TL is spontaneous recombi-
nation lifetime tspon, which is depicted as an inset in Fig. 11. 
With  decreasing  spontaneous  recombination  lifetime,  the 
resonance  peak  decreases  drastically  and  the  optical  band-
width increases. As can be seen, no resonance peak is observed 
structure 3 and 4, which could be another potential advantage 
of this device. The resonance peak is mainly a limiting factor 
for optical transmitters based on direct modulation of diode 
lasers.  It  is  expected  that using a modified GRIN-SCH TL 
(preferably in structure 3 or 4) this issue could be resolved. 

Figure 12 shows the optical bandwidth and the resonance 
peak of different  structures versus different base doping. A 
higher bandwidth observed for structures 3 and 4 is a direct 
consequence of the resonance-free optical frequency response. 
Superior optical modulation performances (both in terms of a 
higher  intrinsic bandwidth and a  lower resonance peak) are 
evident in structures 3 and 4. When fully combined with other 
techniques for increasing the bandwidth including a multiple 
quantum well active region [10], it is anticipated that the final 
bandwidth could go beyond 100 GHz. 

Varying the base current, we compared the optical perfor-
mances of original TL and different GRIN-SCH structures in 

Fig. 13. Apparently, the original structure has a wider band-
width compared to the proposed GRIN-SCH structures at a 
low current due to a higher rate of carriers captured by this 
structure. The bandwidth  increases up  to ~19 GHz  for  the 
original TL where saturation in the material gain limits it. In 
the GRIN-SCH case, bandwidth enhancement starts at rela-
tively  higher  injection  levels  for which  the QW  is  provided 
with high enough carriers and goes beyond 26 GHz. 

By employing a faster tb spon, the resonance-free condition 
can be attained even at low biases, because low Nph and small 
tb spon lead to a large z. Moreover, the situation is reversed 
in that, with fast tb spon, the resonance appears only at large 
Ib /Ib th  due  to  an  increase  in wn,  which  reduces  z.  The  key 
parameter related to the optical bandwidth and cavity length 
is  the photon  lifetime tph, which has previously been calcu-
lated  taking  into  account  the  cavity-dependent  mirror  loss 
compared  to  doping-dependent  intrinsic  optical  loss  [7]. 
Structures 3 and 4 with a cavity length between 550 to 850 mm 
have the same optical bandwidth because of same values  in 
photon lifetimes as it can be seen in Fig. 14. Combined with 
the effect of a graded base, one can conclude that sensitivity 
to the cavity length variations is more apparent in the GRIN-
SCH TL compared to its conventional, non-graded version. 
This  could  be  a  disadvantage  for  our  proposed  grade  base 
version  of  the  TL  that  should  be  taken  into  consideration 
when fabrication limitations become more important. On the 
other hand, structures 3 and 4 show a 50 % improvement in 
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optical  bandwidth  for  a  relatively  small  cavity  length  of 
350 mm. 

6. Conclusions 

We have studied for the first time a GRIN-SCH structure in a 
SQW  transistor  laser with different  confinement  structures. 
The  key  physical  parameters  of  the  proposed  structures, 
including  diffusion  constant,  optical  confinement  factor, 
transit time through SCHs, effective base recombination life-
time and charge density profile in the base region, have been 
calculated. Then, the TL characteristics including differential 
laser output and optical frequency response have been anal-
ysed  for  the  proposed  GRIN-SCH  structures.  Using  the 
AlxGa1 – xAs (x: 0.1 ® 0) in the left-hand side of the QW and 
AlxGa1 – xAs  (x:  0.05 ® 0)  in  the  right-hand side of  the QW, 
the differential laser output has been demonstrated to increase 
by a factor of 3. It has been shown that the resonance peak is 
eliminated completely and the optical bandwidth increases to 
26  GHz  compared  to  19  GHz  in  conventional  GaAs  base 
TLs.  We  believe  this  higher  optical  bandwidth  is  a  direct 
result of sub-picosecond base recombination lifetime thanks 
to accelerated carrier transport through the base region.
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Figure 14. Dependence of  the optical bandwidth on  the cavity  length 
for different confinement structures. 




