Bias-controlied intersubband wavelength switching in a GaAs/AlGaAs

quantum well laser

K. Berthold, A. F. J. Levi, 8. J. Pearton, and R. J. Malik

AT&T Bell Laboratories, Murrap Hill, New Jersey 07974

W. Y. Jan and J. E. Cunningham
AT&T Bell Loboratories, Holmdel, New Jersey 07733

{Received 12 May 1989; accepted for publication 26 July 1989)

The light emission characteristic of a GaAs/AlGaAs single quantum well laser with an
intracavity monolithic loss modulator has been investigated. Discrete, widely separated,
wavelength switching from the first (8§75 nm) to the second (842 nm) subband is achieved by
changing the applied modulator bias. In addition, we show that 2 mW of lasing light power
may be modulated with a change in current of 250 A and a voitage change of I V.

Solid-state light-emitting devices with the capability of
electrically controlled wavelength switching may become
important for read and write operations, chip-to-chip inter-
connects, and wavelength division and multiplexing. With
this in mind, vartous groups have investigated laser diode
structures with double active layers and different active ma-
terials. " Recently, lasing from the second subband of single
guantum well (SQW) diodes has been reported.”” In these
devices the use of a short cavity length® and/or narrow stripe
width®’ increases losses causing lasing to occur from the
second subband where there is higher gain due to the higher
density of states.

In this letter we present a new technique to achieve in-
tersubband wavelength switching in SQW laser diodes. We
show that bias applied to an intracavity monolithic loss mod-
alator induces wavelength switching from the second sub-
band (n = 2 transition) to the first subband (»# = 1 transi-
tion). This effect occurs because the absorption coeflicient in
the modulator section Is sensitive to the applied modulator
bias voltage. In addition, at fixed iasing wavelength, we dem-
onstrate very efficient voltage-controlied light intensity
modulation.

A schematic diagram of the device structure is shown in
Fig. 1. Itis a gain-guided graded index separate confinement
heterostructure (GRINSCH) SQW laser grown by molecu-
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FIG. 1. Sketch of a gain-guided GaAs/AlGaAs GRINSCH SQW laser
with a stripe width W, a cavity length L., and absorber length L . The gain
current {,; into the large segments, the absorber voltage ¥, and absorber
current £, at the small segment are indicated.
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lar beam epitaxy on a semi-insulating (100) oriented GaAs
substrate. The GaAs guantum well is ~ 110 A thick and is
sandwiched  between two  2000-A-thick graded
Al Ga, _ , Aswaveguide regions where the Al concentration
varies from x = 0.2 to 0.55. Electrical contact to the topp™-
Gahs layer is achieved using three photolithographically de-
fined metal stripes of width #. The gap between the metal
stripes 15 2 pm and the length of the small segment is L.
Using the metal stripes as an etch mask, the GaAs cap layer
is removed with a selective chemical etch. Following this an
oxygen (O} implant is performed to electrically isolate the
metal stripes (with care being taken to ensure that the O
implant does not extend into the active region). The resuli-
ing resistance between the segments is typically R > 100
MQ. As illustrated in Fig. 1, the two large metal stripes are
electrically connected and defined as the gain region, where-
as the smali segment is defined as the modnlator absorber
region. With additional processing, electrical contact is
made to the #™" layer. Finally, the wafers are cleaved into
devices with a cavity length L. ~ 500 pm.
The singie facet pulsed current-light characteristic un-
er various bias conditions of a device with a stripe width
W = 20 um, an absorber length £, = 20 pm, and a cavity
length L. = 500 um is shown in Fig. 2. Curve (I) shows the
current-light characteristic for a forward-biased absorber
with 1, = + 15mA. A threshold current of I; = 80mAis
measured and the lasing wavelength is A = 869 nm, corre-
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FIG. 2. Current [; vs light intensity per facet f, for three different absorber
voltages. Curve (I) corresponds to a forward bias ¥, with an injection cur-
rent 7, = + 15 mA. Curves {11} and (III) represent the current-light
characteristic for an absorber voltage V, = —~ 02Vand V, = — 1V, re-
spectively. The stripe width is W = 20 gm, the cavity length £, == 500 um,
and the absorber length £, = 20 ym.
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sponding to lasing from the first (n = 1) quantized state in
the GaAs quantom well. However, when the absorber is re-
versebiased [V, = —02Vincurve (IDand V, = — 1V
in curve (I} the threshold current increases E] G, = a0
mbh and ZGH, = 100 mA for curves (I1) and (¥1f), respec-
tivelyj. The modulation of threshold current with absorber
bias voltage may be explained by electroabsorption in the
absorber region due to the guantum-confined Stark effect®
and band-gap shrinkage in the gain region.”'? Thus, efficient
modulation of the emitted light intensity at a constant gain
current may be achieved in SQW lasers by reverse biasing the
small absorber region. This modulation is illustrated sche-
matically by the broken vertical linc in Fig. 2.

The measured modulation of the emitted light intensity
per facet as a function of absorber bias voltage ¥, is present-
ed in Fig. 3{a) for three different gain currenis. At a con-
stant current £, = 105 mA, the emitted light intensity may
be reduced by more than an order of magnitude from its
value at ¥, = OV by applving a reverse bias absorber vol-
tage V, = — 1.2 V. This behavior clearly demonstrates effi-
cient voltage-controlled lasing amplitude modulation.

The total emitied light intensity versus absorber current
for two different gain currents is plotted in Fig. 3(b). In both
curves the operation point ¥, = O is indicated. The data
presented in Fig. 3(b) demonstrate that the emitted lasing
tight intensity for 7, < 3 m'W can be modulated with a ratio
of ~2 mW/250 A With increasing negative absorber bias
voltage the photocurrent increases due to increased absorp-
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FIG. 3. (a) Emitted Hght intcusity I, per facet vs absorber voltage ¥, for
three different injection currents Z;. (b) Total emitted light intensity £, vs
absorber current £, for two different gain curents. The operation point at
V, =0V is indicated.
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tion and enhanced collection efficiency of carriers. At high
reverse bias voltages lasing is completely suppressed and the
photocurrent generated is mainly due to absorption of spon-
tancously emitted photons in the cavity.

We also investigated the light emission characteristic of
SOQW lasers emitting from the second subband (» = 2 transi-
tion). To observe emission from the second subband we fab-
ricated gain-guided lasers with metal stripes of width W= 6
Lm and cavity length L. = 400 ym, thereby introducing a
loss due to current spreading and lateral carrier diffusion.”

In Fig. 4 the current-light characteristic is plotted for a
device with 2 cavity length L, = 400 um and an absorber
length L , = 60 e at various absorber bias voltages. Curve
(1) represents the lighti-current characteristic for a forward-
biased absorber with /, = + 20 mA. A threshold current of
{5, ~80 mA is measured and lasing occurs from the second
subband. The nonlinearity in curve (I) is due to 2 spatial
variation of the lasing mode."* Curves (£1) and (11I) show
the current-light characteristic for a reverse-biased absorber
with ¥, = —03Vand V, = — 0.7V, respectively. In this
situation lasing cccurs from the first subband.

En Figs. 5(a) and 5(b) we show the light intensity ver-
sus wavelength A for two different bias conditions. In con-
trast to the sirnplest case, where one would intuitively expect
a reverse-bigsed absorber to cause lasing fram the sscond
subband due to band filling 2nd a forward-biased absorber to
cause lasing from the first subband due to saturation of the
carrier density, the experimentally observed intersubband
fasing wavelength switching is explained as follows: When
the gain current is increased whiie maintaining a constant
absorber injection current 7, = 20 mA, no lasing from the
first subband in the fundamental transverse mode is ob-
served due to modal losses caused by carrier-induced sup-
pression of the refractive index and the effect of current
spreading losses. At a gain current of ~ 80 mA, lasing from
the second subband (in the fundamental transverse mode)
starts due to higher available gain in the second subband.
When the modulator is reverse biased the absorption at 842
nm is much larger than the absorption at 875 nm. This fact is
confirmed by photocurrent measurements performed on
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FIG. 4. Current f; vs total emitted [ight intensity £, for different absorber
voltages. Curve (1) represents the light-current characteristic for a for-
ward-biased absorber section with 7, -= 4- 20 mA. Curves (11} and (III)
correspond to an absorber voltage of V, = —03Vand ¥V, = —G7 V,
respectively. The stripe width is # = 6 um, the cavity length is L. = 400
pm, and the absorber length is £, = 60 gm.

Berthold af a/ 1383



Ig = 245 ma
g Ii = +20ma
H
=]
g kg = 60um
z W o= gum
- L = 430 pm
5
I
]
F-4
i
=
z
£
g
wd
Jg i A

220 850 880

(2) WAVELENGTH, A (nm)
E Ig = 245 A
g ¥p = -G.3V
E Ly = 60um
< W o= Gum
= Lo = 400 um
>
=
2
=
£
) j

. L
820 850 880
(b) WAVELENGTH, & {nm}
r Ip = 243 mA Ig = 235 WA
; Ip = +26 mA Vo = ~03Y

LIGHT INTENSITY
[ARB. UNITS]
LIGHT INTENSITY
[ARIB. UNITS)

(c)

FIG. 5. (a) Light intensity /, vs wavelength for a device with stripe width
W = 6 pm, absorber length £, = 60 um, and cavity length .. = 400 gm at
a constant gain current 7; = 245 mA and absorber current [, = 20 mA.
{b) Light intensity 7, vs wavelength A for the same deviceas in (a), witha
gain current f; = 245 mA and the absorber reverse bissed to ¥V, = — 0.3

V. (¢) Measured far-field patterns parallel to the junction plane for the con-
ditions described in (a) and (b). Alsoshown is a sketch of the measurement
arrangement.
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photodicdes fabricated from the same wafers. The measure-
ments show that the photocurrent at 842 am is more théan
one order of magnitude larger than at 875 nm under these
reverse-biased conditions. Thus, lasing from the second sub-
band is completely suppressed when the absorber is reverse
biased due to the high internal loss. Lasing from the first
subband in a higher-order transverse mode occurs because of
the relatively fow optical absorption at 875 nm and the com-
bined and opposing influence of the gain profile and carrier-
induced antiguiding inferred from the measured transverse
far-field paitern [see Fig. 5(c)]. Therefore, in our struc-
tures, lasing from the first subband only occurs in higher
order transverse modes which require high carrier densities
(high gain current). Lasing from both the first and second
subband is observed in the intermediate gain current regime,
f;~200 mA and I, ~2 mA. It is worth noting that bias-
controlled wavelength switching is observed using various
metal stripe geometries with 4 um< <8 um and absorber
length of 40 um <L, <100 pm.

In summary, we have demonstrated a new method for
discrete, widely separated, wavelength switching from the
first (875 nm) to the second (842 nm) subband in GaAs/
AlGaAs SQW lasers. Switching between the subbands is
achieved by changing the bias applied tc a monolithically
integrated modulator. In addition, the total emitted light
intensity at a given lasing wavelength may be modulated
with a ratic of ~2 mW /250 uA and voltage change as low as
1 V. Further improvements in the operating characteristics
of our device are expected by making use of a buried-hetero-
structure configuration.

We thank J. M. Gibson for providing us with trans-
mission electron microscopy data on our devices.
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