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Submilliamp Threshold InGaAs-GaAs Strained Layer
Quantum-Well Laser

T. R. CHEN, L. ENG, B. ZHAO, Y. H. ZHUANG, S. SANDERS, H. MORKOC, FELLOW, IEEE, AND
AMNON YARIV, FELLOW, IEEE

Abstract—Strained layer InGaAs-GaAs single-quantum-well buried
heterostructure lasers were fabricated by a hybrid molecular beam
epitaxy and liquid phase epitaxy technique. Very low threshold cur-
rents, 2.4 mA for an uncoated laser (L = 425 pm) and 0.75 mA for a
coated laser (R ~ 0.9, L = 198 pm), were obtained. A 3 dB modulation
bandwidth of 7.6 GHz was demonstrated at low bias current (14 mA).

1. INTRODUCTION

nGaAs-GaAs strained layer quantum-well lasers have

been the subject of considerable recent interest [1]-[8].
The strained layer structure offers a new degree of free-
dom for valence band engineering, resulting in a poten-
tially lower threshold and wider modulation bandwidth
compared with conventional lattice-matched material
quantum-well lasers [9]-[13]. Theoretical analysis pre-
dicted a threshold current density as low as 43 A /cm? and
a 3 dB cutoff frequency as high as 90 GHz [11]. Broad-
area threshold current density of 174 A /cm? and thresh-
old current of 12 mA on a stripe laser structure were
achieved [14]. A threshold current of less than 7 mA was
demonstrated in buried heterostructure [15]. A high-power
output in excess of 200 mW was reported in an array con-
figuration [16]. A continuous wave (CW) operation life
time exceeding 5000 h was reported [17], showing en-
couraging reliability. In addition to these attractive fea-
tures, the wavelength of InGaAs-GaAs laser falls into the
range of A = 1 um (from A = 0.87 um [16]to X > 1 um
[15], e.g.), which fills up the wavelength gap between
GaAlAs-GaAs and GalnAsP-InP lasers. This opens up
potential applications in certain circumstances such as op-
tical pumping of some rare-earth solid-state lasers [16].
However, the present stage of the laser performance is
still far from the theoretical expectation, and the high-
speed modulation experiment has not been reported so far.

In this paper, we report on the substantial reduction of
the threshold current of InGaAs-GaAs lasers. High-speed
modulation is demonstrated for the first time. CW thresh-
old current as low as 2.4 mA (for an uncoated laser) and
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0.75 mA (for a coated laser), and a 3 dB bandwidth of
7.6 GHz were achieved. A systematic study of the device
performance and some related material properties are pre-
sented.

In Section II, we introduce the procedures for material
preparation and device fabrication. The performance of
the lasers is summarized in Section III. In Section IV, we
describe the effect of dielectrical coating on the laser per-
formance. The high-frequency direct current modulation
results are presented in Section V.

II. STRUCTURE AND FABRICATION

The laser used for this study is a buried heterostructure
(BH) graded index separated confinement heterostructure
(GRIN-SCH) single-quantum-well (SQW) strained layer
(STL) InGaAs-GaAs laser. The fabrication of the laser
involves two-step crystal growth. The GRINSCH-SQW-
STL material was prepared by the molecular beam epitaxy
(MBE) technique. The BH laser structure was accom-
plished by utilizing the liquid phase epitaxy (LPE) re-
growth technique.

In the first step, a laser structure was grown on a GaAs
(100) substrate tilted 4° towards the (111) direction. The
structure consists of 1 um GaAs buffer layer, 1.5 um
Al Ga, _As cladding layer (x = 0.5), 0.15 um GRIN
region with x = 0.5 — 0.2, 40 A GaAs spacer, 50 A
InGaAs quantum well, 40 A GaAs spacer, 0.15 um GRIN
region (x = 0.2 = 0.5), 1.5 pm Al sGa, sAs layer, and
2000 A GaAs cap layer. The MBE growth was carried
out in a Riber 2300 R&D system. The substrate temper-
ature was held at 600°C for the GaAs buffer and cap lay-
ers, 720°C in the cladding and graded regions, and
ramped down during the GaAs spacer growth to about
620°C for the InGaAs quantum well. The temperatures
quoted are obtained pyrometer readings. To accomplish
the large substrate temperature differences necessary for
high-quality AlGaAs and InGaAs growths, we have used
an indium-free mounting technique thereby reducing the
thermal mass of the sample and allowing for continuous
growth without interruption. The indium mole fraction in
the InGaAs quantum well is estimated to be larger than
35% from the photoluminescence spectrum (Fig. 1) of the
grown wafer [8]. The accurate amount of In incorporated
into the quantum well is difficult to state, however. The
GRINSCH-SQW-STL structure is shown in Fig. 2.

After MBE growth, mesas were chemically etched on
the wafer and the width of the active layer was 2 um. The
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Fig. 1. Photoluminescence spectrum of an MBE grown InGaAs strained
layer single-quantum-well wafer.
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Fig. 2. A schematic of the GRINSCH-SQW-STL InGaAs material.

wafer was then cleaned and the top GaAs cap layer was
removed immediately prior to loading the wafer into an
LPE system for regrowth. The regrowth temperature was
800°C. A p-Aly4Gag ¢As layer and an n-Alg 4Gag 6As layer
were grown successively to form a blocking junction.

After the second regrowth, the wafer was processed into
BH lasers, using conventional fabrication techniques. The
processes include thermal deposition of SiO,, photo-
lithography for a stripe contact opening, shallow Zn-dif-
fusion, contact metalization, and annealing. The Zn-dif-
fusion is an important step to improve the ohmic contact
and reduce contact resistance as we do not have a heavily-
doped GaAs cap layer on the top of the device. A sche-
matic of the finished device is shown in Fig. 3.

III. PERFORMANCE OF THE LASERS
A. Threshold, Spectrum and Far Field

To test the performance of the lasers, the wafer was
subsequently cleaved into laser bars of various cavity
lengths. The laser chips were mounted on Cu blocks for
CW operation. Light versus current (L-I) characteristics
were measured under CW conditions and very low thresh-
old currents were observed. Some of the measured thresh-
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Fig. 3. A schematic structure of the BH InGaAs-GaAs laser.

TABLE 1
MEASURED THRESHOLD CURRENT [, AND EXTERNAL QUANTUM
EFFICIENCY 7,4 OF THE InGaAs-GaAs LASERS WITH DIFFERENT
CAvITY LENGTHS L

L (um) [tn (mA) Jih (AZcm®) ng(mW/mA)
3976 9.5 121 0.19
2385 6.5 136 0.25
1676 5.8 173 0.34
1590 56 176 0.36
1004 42 209 0.33
923 40 217 0.40
613 37 302 0.43
425 24 294 0.41
304 28 461 0.35
289 3.4 588 0.52

198 38 960 0.37
154 6.7 2175 0.27
117 85 3632 0.28

old currents (I;,) along with their respective cavity lengths
(L) are listed in Table I. It can be seen from the table that
the lowest threshold current obtained is 2.4 mA for a laser
of cavity length 425 um. To the best of our knowledge,
this is the lowest figure ever reported to date for this ma-
terial system and is also among the best results for un-
coated semiconductor lasers. The lowest threshold current
density was 120 A/cm2 for a 3976 pum long laser. Con-
sidering that this value is deduced from a BH laser, which
may introduce additional carrier and optical losses com-
paring with broad area lasers, we expected even lower
threshold current densities for broad area lasers. Indeed,
a threshold current density of 114 mA /cm® was measured
for a ~ 1540 um long, 100 ym wide broad contact
GRINSCH-SQW-STL laser.

The lasing wavelength for the uncoated device is about
0.93 um (for a cavity length of = 250 um). Photographs
of the spectra are shown in Fig. 4. The spectra shown
were obtained from the same laser with different mirror
reflectivities. The reason for the lasing wavelength shift
will be discussed later in Section IV-C. The lasing wave-
length also depends on the cavity length. It becomes
longer for longer cavity length. For a 1540 um long broad-
area laser, a lasing wavelength of 0.99 pm was measured.
The laser is capable of delivering an optical power in ex-
cess of 80 mW under pulsed operation (for a laser of 1676
um cavity length). The L-1 curve of this laser is shown in
Fig. 5.
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Fig. 4. Emission spectra of InGaAs-GaAs laser (L = 250 um, signal
power level is about 5 mW ). Top: for mirror reflectivity Ry = R, = 0.3.
Bottom: for mirror reflectivity R, = 0.3, R, = 0.9.

The lasers are found to operate in fundamental trans-
verse mode, and a far-field pattern parallel to the junction
plane is shown in Fig. 6. The beam divergence, full width
at half maximum (FWHM), is about 18°.

In Fig. 7, a histogram of over 80 lasers, showing the
dependence of threshold currents on cavity lengths, is
presented. The threshold current of the laser decreases
with cavity length for L = 1 mm up to the longest laser,
L = 4 mm, measured, and is substantially a constant over
the range 300 um < L < 1000 pm (1 mm), then increases
steeply with further decrease of the cavity length. The ob-
served increase at small cavity lengths is mainly related
to the gain saturation behavior of single-quantum-well
structure. The observed cavity length dependence of the
threshold current is consistent with the theoretical result
(18]

N 11 1
. —1n —
by = dyexp| LR (1)
= X
th o €Xp TG,
or
1 1
o +—In—
L R
Iy, = JoWL = J,WL exp TG, (2)

where Jy;, is the threshold current density, Jy is the trans-
parency current density, «; is the internal optical loss fac:
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Fig. 5. L-I characteristic of an InGaAs-GaAs SQW laser, showing an
output power of 80 mW.
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Fig. 6. A typical far-field pattern of an InGaAs-GaAs laser at different
power level, showing stable single-transverse-mode operation.

tor, R = R, = R are mirror reflectivities, L is the cavity
length, W is the active layer width, T" is the optical con-
finement factor, and G is the gain constant. Equation (2)
shows that the threshold currents should increase with de-
creasing cavity length for very short lasers. A theoretical
Iy, — L curve with J, = 120 A /cm?, TGy = 30 cm ™', R
= 0.3 is also shown in Fig. 7. The experimental data
follow the general trend of the theoretical curve fairly
well, although the measured threshold currents seem
somewhat higher than the calculated values.

B. n4y — L Relation

The external quantum efficiency of the BH InGaAs-
GaAs SQW laser was measured under CW conditions. The
best results obtained so far are 0.47 mW /mA per facet
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Fig. 7. The distribution of threshold currents against cavity lengths and a
theoretical Iy-L curve with Jo = 120 A/cm?, I'Gy = 30 cm ™', o; = 3
cm™', R =0.3.

(or 35% per facet) for a laser of 587 um cavity length,
and 0.52 mW /mA ( =39%) per facet for a 289 um long
laser. The external quantum efficiency 7, of the laser was
a function of cavity length L. When the cavity length de-
creases, 7, first increases similar to the case for conven-
tional (nonquantum-well) semiconductor laser. However,
at some point, 7, reaches its maximum and then decreases
rapidly with further decrease of the cavity length. The
measured values of », for lasers of various cavity lengths
are shown in Fig. 8. Some experimental data are also
listed in Table I. The rapid decrease of the external quan-
tum efficiency at short cavity length is not predicted by
the conventional semiconductor laser theory. The under-
lying physics is similar to that described in the previous
paragraph. In short cavity lasers, the requirement for
higher threshold gain causes a rapid increase in threshold
carrier density. This, in turn, increases various kind of
nonradiative recombination process such as Auger recom-
bination [19], L-valley recombination [20], and carrier
leakage over the heterostructure barrier {21] resulting in
a decrease of the internal quantum efficiency 7;. In addi-
tion, the increased threshold current in very short cavity
lasers results in a higher operation voltage which in-
creases the leakage currents (e.g., the leakage current
through the reverse biased blocking junction), causing a
further decrease of the internal quantum efficiency.

C. Internal Loss Factor a; and Internal Quantum
Efficiency »;

It is evident from Table I, Fig. 7, and Fig. 8 that the
lasing threshold current and the external quantum effi-
ciency display a weak dependence on the cavity length
when the latter varies from ~300 ym to ~ 1 mm, indi-
cating a very low internal loss of the lasers. It is thus
interesting to determine the internal loss factor «; and the
internal quantum efficiency ;.

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 26, NO. 7, JULY 1990

0.6

o
o
T

[
>
T

Externa! Quantum Efficiency (mW/mA})
o o
N ©
T T

e
-
T

L1111 1 { |
0 100 200300400500 1000 1500 2000 2500

Cavity Length L (um)

Fig. 8. External quantum efficiency as a function of cavity length.

-1

o =31cm

Inverse External Quantum Efficiency n,™ (mA/mW)

| 1 1 | [ | | | l l 1 |
100 200 300 400 500 600 700 8OO 900 1000 1100 1200
Cavity Length L (um)

1

Fig. 9. An experimental plot of n; ' versus L, showing ; = 3.1 cm™' and

7 = 0.78.

The standard technique for experimental determination
of 1; and «; utilizes the linear relation between 1/7, and
L [22]. However, for our SQW lasers, this relation does
not hold for short cavity lasers as described previously.
We measured 1/7,-L dependence for lasers subsequently
cleaved from the same stripe and found that the linear re-
lation was followed pretty well for L > 300 pm. «; and
7n; were measured this way for lasers from different stripes.
The values of «; were found in the range of 3-10 cm” !,
and »,’s were 60-80%.

It should be noted that the o; and 7; were measured in
a realistic laser structure. The internal loss «; includes the
free carrier absorption which should be very small (1-2
cm”! ) in a SQW structure due to low optical confinement,
the absorption in the cladding layers and the waveguide
scattering loss. 7; is governed by various kinds of leakage
currents and nonradiative recombination processes. The
measured o; and »; showed the high quality of the material
as well as the device. A 1/79,-L curve showing o; = 3.1
cm " and 5; = 0.78 is presented in Fig. 9.
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IV. LASER PERFORMANCE AND MIRROR
REFLECTIVITIES

A. Coating and I,

The very low internal loss of the laser results in a weak
dependence of the threshold current and the external
quantum efficiency on laser cavity length. It also suggests
that for standard ( ~ 250 pm) and short cavity lasers the
uncoated mirror loss be dominant over the internal loss.
One can then expect a substantial reduction in lasing
threshold current with reduced mirror losses. In fact, the
threshold modal gain g, of a semiconductor laser can be
written as

1 1

o=t o M RR
where R, and R, are mirror reflectivities. Shown in Table
IT is a comparison of the loss terms on the right-hand side
of (3) for various cavity lengths ‘and mirror reflectivities.
It is clear that for our InGaAs-GaAs lasers, with uncoated
mirrors (R, = R, = 0.3), even for cavity lengths as large
as 1000 pm, the mirror loss is still larger than the internal
propagation loss. Also seen is for L = 250 um and o; =
3 cm™!, R; and R, must be higher than 0.95 in order for
the threshold to be dominated by the internal loss. The
conclusion is that due to the very low internal loss, high-
reflectivity coating will reduce the threshold current sub-
stantially even in long cavity lasers. However, in order
to take full advantage of the low loss to reach ultra-
low threshold, short cavity lasers are preferable
(L < 100 um, e.g.,). In this case, the mirror reflectivities
of R > 0.95 or even higher should be used.

Different coatings were applied to lasers with different
lengths. In all cases, high reflectivity coatings led to a
reduction of the threshold current. Some of the typical
results are listed in Table III. The L-I curves for laser #3
are presented in Fig. 10. The laser was 198 pum long. The
threshold current was 3.8 mA with uncoated facets. After
the mirrors were coated to R = 0.9, a threshold current
as low as 0.75 mA was obtained.

(3)

B. Coating and External Quantum Efficiency

A very important consequence of the low internal loss
is a weak dependence of the external quantum efficiency
on the mirror reflectivities. For different «; values, the
dependence of 5, on R (= R, = R,) with constant #; is
depicted in Fig. 11. It is clear that for larger o, L, e.g., «;
~ 40 cm™'and L = 200 um, 5, drops very fast when the
mirror reflectivity increases. However, for small o; L, 3,4
does not change considerably even when R increases from
0.3 to 0.9. Therefore, the very low internal loss of the
InGaAs-GaAs laser makes it possible to produce sub-
milliamp lasers by using high-reflectivity coating and at
the same time to maintain reasonably-high external quan-
tum efficiencies and appreciable output powers.

The experimental data are consistent with the calcu-
lated results depicted in Fig. 11. Some of the measured
ny for lasers with different coatings are presented in Table
III.
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TABLE 11
A COMPARISON OF THE INTERNAL PROPAGATION LOSS o, AND THE
DISTRIBUTED MIRROR L0ss (1/2L) In (1/R,R,) FOR DIFFERENT MIRROR
REFLECTIVITIES AND CAVITY LENGTHS

11 -1
il ¢ i (Clﬂl) Ri1=R2=0.3 R1=R2=201.‘7 1;11]:2112:(:‘: ) Ri1=R2=0.95
1000 : 12.0 3.57 1.05 0.51
500 2 240 7.13 2.10 1.02
250 g 48.0 143 4.21 2.05
100 : 120 357 10.5 513
50 Z 240 71.4 211 10.3
TABLE III

MEASURED THRESHOLD CURRENT /,, EXTERNAL QUANTUM EFFICIENCY 74
AND WAVELENGTH A AS A FUNCTION OF MIRROR REFLECTIVITIES R;, R,
AND CAVITY LENGTH L

Laser L (pm) .3 R2 I (mA) |M(mW/mA) | A(um)
1 425 0.3 03 24 041
0.8 08 10 0.22
2 200 0.3 0.3 42
0.7 0.9 1.2
0.3 03 38 0.37 0925
3 198 0.9 0.3 23 071 0.947
09 | 092 075 0.15 0.967
0.3 0.3 41
4 198 0.9 0.3 24
09 | 092 0.8
03 0.3 6 039 0.921
5 200 08 | o3 3 071 0.945
0.8 0.8 1.3 0.23 0.961
0.3 03 10 0.27 0.903
6 150 03 09 37 0.61 0.926
0.9 0.9 1.3 0.12 0.951
0.3 03 85
7 17 038 08 Ll
03 03 13
8 98 03 | o3 55
08 0.8 21

Optical Power (mW)

0 L J ! |
0 1 2 3 4 5 6 7 8
Injection Current (mA})

Fig. 10. L-I characteristic of a low threshold InGaAs-GaAs laser (L =
198 pm) with different mirror reflectivities R, R,.
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C. Lasing Wavelengths as a Function of Mirror
Reflectivities

The control of mirror reflectivity has been found to be
an effective way to tune the lasing wavelength of semi-
conductor lasers [23]. The physical mechanism for wave-
length tuning by mirror coating is as follows. Facet coat-
ings determine the effective distributed mirror loss 1 /L In
1/R of the laser and thus the threshold modal gain [see
(3)]. In semiconductor lasers, the gain spectrum has a
nonsymmetric feature. Shown in Fig. 12 are two gain
spectra at threshold corresponding to different mirror re-
flectivities R” > R". The threshold gain g (R') is smaller
than g, (R"). Therefore the corresponding lasing wave-
length N’ is longer than A”. It is obvious that the change
in threshold gain and thus the lasing wavelength will be
more pronounced if the internal loss «; is smaller, assum-
ing the same amount of change in mirror reflectivities.
This is exactly the case in the present InGaAs-GaAs la-
sers. Some of the measured wavelengths of lasers with
different coatings can be found in Table III. It was noted
that by changing the mirrors’ reflectivity R from 0.3 to
0.9, lasing wavelength was changed from ~ 0.92 to
~ 0.96 um (AN = 400 A). This variation is much more
pronounced than in conventional InP lasers (AN =
150 A) [23].
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V. DIRECT CURRENT MODULATION

A direct current modulation was performed on a laser
with both facets coated to R = 0.8. The threshold current
of the laser was 1.3 mA. The cavity length was 200 pm.
To facilitate high-frequency operation, a 10 um wide mesa
was etched around the active region to reduce the parasitic
effect. When the laser was biased to 1 mA above thresh-
old, a corner frequency of 1.8 GHz and a 3 dB bandwidth
of ~ 2.8 GHz was measured as shown in Fig. 13(a). The
output power of the laser at this bias current was ~ 0.2
mW. For this laser, a 3 dB bandwidth of 5.5 GHz was
measured at a bias current of 6.3 mA. For another laser
(I, = 1.5 mA), at a bias current of 14 mA, a 3 dB band-
width of 7.6 GHz was observed.

The modulation experiments showed that the strained
layer InGaAs-GaAs lasers are indeed fast, especially at
injection levels slightly above threshold. Although the
speed of the laser is at least comparable with the reported
results for its AlGaAs-GaAs counterpart [24], no signif-
icant enhancement of the modulation bandwidth has been
observed. The limited maximum bandwidth in our exper-
iment is believed to be caused by the parasitic capaci-
tance. Further work is needed before we can properly
compare the experimental results with the theoretical pre-
diction.

V1. ConNcLusioN

In conclusion, strained layer InGaAs-GaAs GRINSCH
SQW lasers were fabricated by a hybrid MBE and LPE
techniques. Very low threshold currents, 2.4 mA for the
uncoated laser (L = 425 um) and 0.75 mA for the coated
laser (L = 198 um), were obtained. The lasing wave-
length was ~ 0.93 um for uncoated lasers. External
quantum efficiency as high as 0.52 mW /mA per facet
(L ~ 300 um) and an output power of over 80 mW
(L = 1.68 mm) were observed. A modulation bandwidth
of 7.6 GHz was demonstrated at low bias current. The
very low internal loss of the laser results in a weak de-
pendence of I, and 5, on the cavity length (for not very
short cavity lasers) and a weak dependence of 7, and out-
put power on the mirror reflectivity. It also offers an ef-
fective way to tune the threshold current and lasting
wavelength by facet coating. Because of these features
this laser is attractive for applications which require a
combination of low threshold, high speed, high quantum
efficiency, and reasonable output powers.
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