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Threshold behavior of (GaAl)As-GaAs lasers at low

temperatures
C. J. Hwang?
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(Received 6 July 1977; accepted for publication 25 August 1977)

The temperature dependence of the threshold current, differential quantum efficiency, and internal loss
have been measured in the temperature range 10~-293°K. The threshold current increases relatively
slowly with temperature above 100°K and is independent of the impurity concentration. Theoretical
calculation shows that this behavior is to be expected for a band-to-band transition that follows k
selection. The threshold behavior at low temperatures (< 80°K) depends strongly on the type and
concentration of the impurity. The relatively fast decrease in threshold below 100°K shows saturation for
an active layer with n-type impurities or with high-concentration p-type impurities. The saturation is
attributed to the carrier diffusion length becoming smaller than the active-layer thickness. The internal
differential quantum efficiency is near unity and is independent of temperature. The internal loss,
however, decreases with temperature due to reduction in free-carrier absorption.

PACS numbers: 42.55.Px, 85.60.Jb, 78.45.+h

1. INTRODUCTION

During the early stage of laser development, tem-
perature dependence of threshold current below room
temperature was important because it gave information
about the highest temperature that a homostructure
laser would operate continuously. =5 From these studies,
phenomena such as long time delay, ® internal @ switch-
ing, ® and bistable operation™? of lasers were dis-
covered, Furthermore, the experimental temperature
dependence of threshold current was used to test the
various theories on semiconductor lasers, *~* With the
invention of double-heterostructure (DH) lasers, cw
operation at room temperature or higher is no longer a
problem, and there is less interest in low-temperature
behavior. Some work has been reported for tempera-
ture dependence of threshold down to 80 °K %16 for early
DH lasers with broad contacts having relatively high
threshold current density. This paper represents the
first attempt to study state-of-the-art stripe-geometry
DH lasers at temperatures down to 10°K, We measure
the light output as a function of current for lasers with
different cavity lengths to obtain not only the tempera-
ture dependence of threshold current and external dif-
ferential quantum efficiency but also to derive the tem-
perature dependence of internal optical loss and in-
ternal differential quantum efficiency. The threshold
behavior at low temperatures {<40°K) depends strongly
on the impurity density in the active region of which the
high-temperature (= 80°K) behavior is relatively inde-
pendent, It is concluded that the transition is of the
band-to-band type which obeys the k selection at least
down to 80°K, The low-temperature behavior is deter-
mined by the relative value of the carrier diffusion
length with respect to the thickness of the active re-
gion, If the diffusion length is smaller than the width of
the active region, the threshold current saturates;
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otherwise, the threshold current decreases monotoni-
cally to 2 or 3 mA at 10°K, In Sec, II, we describe the
general properties of our lasers and the experimental
arrangement for the measurements, In Sec, III, we
present and discuss our results,

1. EXPERIMENTAL

The lasers used are stripe-geometry four-layer DH
devices similar to the ones described elsewhere, !” The
stripe contact, 13 um wide, is formed by proton
bombardment!® which does not reach the active region,
The active layer thickness is 0,2 um, The length of the
laser varies from 180 to 610 pm, Our standard laser
is 380 um long and has typical threshold current and
differential quantum efficiency of 80 mA and 40%,
respectively, at room temperature, Hall measurements
were made on a single layer grown on a semi-insulating
substrate to determine the active-layer carrier concen-
tration at various dopings. The acceptor concentration
was then obtained according to the analysis described
in Ref, 19, In the case of a compensated active layer,
the donor or the acceptor concentration was assumed to
be the same as that in the respective noncompensated
n- or p-type layer grown with the same amount of donor
or acceptor dopant in the Ga solution,

Since the meaningfulness of the present experiment
depends critically on the extent of the data scatter, we
selected wafers which yield lasers with a variation of
threshold and differential quantum efficiency of no more
than 10% for randomly chosen 10 lasers at a fixed
cavity length. Furthermore, we required that the lasers
have linear output up to ~9 mW from one cavity face
for a wide range of temperatures and that the output
characteristics from both faces be identical. The
threshold current is taken as the intersection between
the extrapolated spontaneous-emission curve below the
threshold and stimulated-emission curve above the
threshold. The differential quantum efficiency is deter-
mined from the slope of the stimulated emission curve.

© 1978 American Institute of Physics 29
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FIG. 1. Temperature dependence of threshold current for DH
lasers with three different doping concentrations in the active
layers.

The diode was placed in an evacuated He exchange
Dewar whose temperature could be varied from 10 to
297 °K. The laser was driven with a 200-ns pulse at 1
kHz, A current probe was used to monitor the current
directly. This direct current measurement is essen-
tial since the resistance of the laser changes substan-
tially with temperature and the usual technique of con-
verting the voltage across the laser and a series resis-
tor to the current is not practical.

11l. RESULTS AND DISCUSSION
A. Temperature behavior of threshold current

Figure 1 shows the temperature dependence of thresh-
old current for standard lasers with active-layer im-
purity concentrations of 4 x10'7 (H106), 2x10!® (H409),
and 5x10'® (H406), These lasers all have about the
same active-layer thickness of ~0, 2 um, The behavior
above 80°K for the three types of lasers is very simi-
lar, namely, the threshold increases at about the same
rate with temperature and the absolute value of the
threshold current is about the same, The situation is,
however, quite different at low temperatures. For the
low-doped case (< 2x10!% cm™®), the threshold current
keeps decreasing to the lowest temperature used (10 °K),
The threshold current at this temperature is low, i.e.,
2—3 mA (40—60 A/cm?). We believe that this is the first
time such a low value of threshold current has been
reported. For the more heavily doped case (> 5 %1018
cm‘3), the threshold current shows saturation at low
temperatures (< 80°K), We find that the lower the
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doping, the lower the saturation temperature. Thus, it
is possible that the saturation may occur below 10°K for
the low-doped case (= 2x10'* em=%), Figure 2 shows the
temperature dependence of threshold current for a com-
pensated active region (H407, N, =5x10'* ¢cm=® and
Np=4x10" ¢em™) and an n-type active region (H235,
Np=4x10% ¢m™), The threshold behavior for both
cases is again similar to that shown in Fig. 1 in the
high-temperature region. However, the saturation
occurs at higher temperatures (100 °K) for the com-
pensated case than the one without compensation. Also,
it occurs for the n-type active region even though the
doping is relatively low,

The fact that the threshold behavior is independent of
doping at high temperatures for a wide range of p-type
impurity concentration indicates that the carrier re-
combination is not modified by the presence of the im-
purities. This can only happen when the transition is
from the conduction band to the valence band, The
saturation at low temperature for active regions of »
type and for highly doped p type with and without com-
pensation is similar to that observed in homostruc-
ture!=?® and single-heterostructure lasers, ! This indi-
cates the existence of incomplete carrier and optical
confinement, The same situation can occur in DH lasers
if the carrier diffusion length is smaller than the ac-
tive-layer thickness,

The value of carrier diffusion length depends on the
carrier lifetime and the diffusion constant. At tem-
peratures below 100 °K, the total cavity loss is less than
50 cm™! [internal loss < 20 cm™! (Sec., OIB) and mirror
loss =30 em=! for the standard length of 380 um], The
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FIG. 2, Temperature dependence of threshold current for DH
lasers with a compensated and an n-type active layer.
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injected carrier density required to reach the threshold
below 100°K is <3 x10'7 ¢m™® according to the calcula-
tion of Stern, 14 which will be further discussed later in
this paper, Since our lowest p doping in the active layer
is 4x10'" ¢m™®, the minority-carrier (electron) diffu-
sion length determines the recombination region in the
case of p-type active regions with the without com-
pensation, In the case of low-doped n-type active re-
gions, the hole diffusion length determines the recom-
bination region,

In a medium in which the carrier recombination ef-
ficiency is close to unity, the carrier lifetime is nearly
equal to the radiative lifetime which is roughly inversely
proportional to the majority-carrier concentration,
Thus, qualitatively, the higher the impurity concentra-
tion, the shorter the minority-carrier lifetime. The
carrier diffusion constant can be expressed as uEd/
6,19-21 where u is the mobility, E, is the diffusion
energy, and ¢ is the electron charge, As a first ap-
proximation, E,=kT %% and therefore decreases with
temperature, The mobility at low temperatures is main-
1y determined by the impurity scattering, ?* The mobility
should be lower with higher impurity concentration, It
should be lowest in the highly compensated case because
of the reduction in the carrier screening effect, 2% 2
Furthermore, holes should have a lower mobility than
electrons, Thus, we can qualitatively state the follow-
ing: It is possible that the carrier diffusion length is
shorter for a more heavily doped p active layer and
shortest for a compensated active region, The holes
have a shorter diffusion length than the electrons for
the same impurity concentration,

We conclude that the temperature at which the diffu-
sion length is equal to the active-layer thickness (the
saturation temperature) is higher for a more heavily
doped case and highest for the compensated case, It is
also higher for n-type active layers than for the p-type
active layer with the same doping. This conclusion is of
course consistent with our experimental observations
shown in Figs, 1 and 2,
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FIG. 3. Temperature dependence of threshold current for a
DH laser with a thick active layer.
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FIG. 4. Light output as a function of current input at various
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As an additional substantiation of the diffusion-length
model, we show in Fig, 3 a laser with larger active-
layer thickness (1,2 um) but with the same p-doping
(4x10' ¢m=®) as laser H106 shown in Fig., 1, Other
parameters are identical, The high-temperature be-
havior is again similar to those shown in Figs., 1 and 2,
However, the laser with wider active regions shows
saturation at ~50°K,

B. Temperature behavior of internal loss

As was pointed out in Sec, IIIA, the behavior of
threshold current above 80 °K does not depend on the
impurity concentration and hence indicates a band-to-
band recombination, In order to show that the transition
is indeed band to band quantitatively, we calculate the
temperature dependence of threshold current using a
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FIG, 5. Variation of the reciprocal external differential quan-
tum efficiency with the laser cavity length,
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cy with temperature,

band-to-band recombination theory derived by Stern, 14
To do this, however, we need to know the temperature
dependence of the internal loss, Consequently, the ex~
ternal differential quantum efficiency 1 was measured

as a function of cavity length L at various temperatures,
We determined the internal loss «, and internal differen-
tial quantum efficiency 7; from the slope and extrapola-
tion according to the equation®—27

= m)™{1 +aeL{ln@/R)I}, W

where R=0, 32 is the mirror reflectivity, As is well
known, if the material is not uniform, the large scatter
of the data generally causes large uncertainty in the val-
ues of n; and ;. Careful selection of wafers to yield
variation of less than 10% in both the threshold current
and 7 is therefore necessary.

Figure 4 shows an example of the ¢-I characteristics
for a laser 610 um long, Near room temperature, the
light output is linear to ~9 mW from one cavity face., At
lower temperatures, the curves become slightly super-
linear at high power. The differential quantum effi-
ciency in this case was determined from the straight-
line portion of the curve just above the threshold, since
we are only interested in the behavior near the
threshold,

An examle of the dependence of 7! on the laser length
L at 293 °K is shown in Fig, 5. All the data points
follow quite well along a straight line, The values of
ay and 7, are determined from the straight line which
gives a least-squares fit to the data points,

Figures 6 and 7 show the obtained n; and ¢, as a func-
tion of temperature. The vertical bars denote the stan-
dard deviation, The internal differential quantum effi-
ciency is about 90% and is temperature independent,
This means that almost every minority carrier that is
injected across the junction is converted into a photon
above the threshold, Although the waveguide in the
direction parallel to the junction is defined by the cur-
rent confinement, the near-unity n, shows that the

32 J. Appl. Phys., Vol. 49, No. 1, January 1978

fraction of carriers wasted to the low-gain region by
carrier diffusion and current spreading is small near
the threshold,

The temperature dependence of internal loss shown
in Fig. 7 represents the first set of data ever reported
for the stripe-geometry lasers, In most of the theoreti-
cal calculations® %1% for the temperature dependence
of the threshold current, it was generally assumed that
the ¢, is independent of temperature, This naturally
results in the saturation of the threshold current at
lower temperatures, Our data here show that o is a
sensitive function of temperature, decreasing from
~34 em™ at 293 °K to nearly 2 cm™ at 10°K, For a
broad-contact laser, the internal loss consists of con-
tributions from free-carrier absorption and scattering
loss due to imperfect waveguide walls with the former
dominating, *® For a stripe-geometry laser, additional
contribution from diffraction loss to the unpumped re-
gion outside of the stripe must be considered, The
room-temperature internal loss is ~10 em™1%%* for a
broad-contact laser with a carrier density of ~7 x10'7
cm™, Since it requires about a 2x10'® cm™? carrier con-
centration to reach the threshold for a strip-geometry
laser with a 13- um-wide contact, !* the free-carrier ab-
sorption loss should be ~28 cm™, This leaves 6 cm-!
for the diffraction loss at room temperature, At low
temperatures, the free-carrier absorption is negligible
because of the lower carrier density required to reach
the threshold, The value of 2 cm™! at 10°K should be
mainly caused by the diffraction. This is smaller than
the corresponding value at room temperature, indicat-
ing a slight temperature-dependent diffraction loss,

C. Theoretical calculation of the temperature
dependence of threshold current

Many models have been used for the theoretical cal-
culation of threshold current, >!* Depending on the re-
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FIG. 7, Variation of the internal loss with temperature,
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combination mechanisms, there are band-to-band, ***

band-to— impurity- states, ¥ band-to-bandtail, *! and
bandtail-to-bandtail calculations, °=* The calculation
on the band-to-band transistion also depends on whether
the recombination follows the k selection rule. In all
cases, however, the calculation involves computation of
the gain as a function of current. The threshold current
is taken as one which yields a gain equal to the cavity
loss. Since the impurity concentration in the active
layer is low (4x10' ¢m™) and is not compensated, the
formation of appreciable bandtails in both bands is not
likely. Calculation using perturbation techniques® shows
that the distortion of the band shape by the presence

of the impurities of such concentration is also negligi~
ble. We therefore think that the transition is likely to
follow k selection band to band at least for high tem-~
peratures (= 80°K), where most of the carriers occupy
the high-energy states of the bands, Stern has done such
a calculation for an active region which contains no
impurities, !* His calculation is obviously valid also for
the cases when the injected carrier density is higher
than the doped-impurity concentration, For example,
the carrier densities required to reach the threshold
for a laser with a cavity loss of 50 em™! are 2,7 x107
cm? at 80°K, 7.2x10'7 cm™? at 160°K, 1.4 x10!% cm-?
at 250°K, and 1, 8x10'® cm=® at 300°K, 1 Thus, the cal-
culation should be applicable in our case above ~ 80°K,
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FIG, 8. Theoretical temperature dependence of the threshold
current based on the band-to-band recombination with and
without k selection, The calculation is based on the theories of
Stern’s (k selection), and Lasher and Stern’s (no k selection)
using the temperature dependence of internal loss shown in
Fig. 7. The vertical scale of the dashed curve is reduced by a
factor of 3,3 for easy comparison, Experimental data on a
laser 356 um long, 13 um wide, and 0,2 um thick are also
shown for comparison,
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Using the calculation of Stern, ' the temperature de-
pendence of the cavity loss, an active-layer thickness of
0.2 um, a laser length of 356 um, and a stripe width
of 13 um, we obtain the solid curve shown in Fig, 8,
The experimental points are also shown for comparison,
The agreement is remarkable considering that there
are no adjustable parameters in the calculation, How-
ever, the agreement may be fortuitous in the sense that
the calculation contains so many parameters and in-
volves 80 complicated a numerical computation that
such perfect agreement is not expected. In any case,
both the theory and the experiment give the same tem-
perature variation of the threshold current, This is suf-
ficient to show that at least above 80°K, the recombina-
tion is from the conduction band tc the valence band and
follows the k selection rule, A band-to-band recombina-
tion mechanism was also deduced previously from the
measurements of threshold current and lasing delay
time in DH lasers. !?

The change in threshold behavior from a relatively
slow variation at high temperatures to a more rapid one
below 140°K is not caused by a change in the recombina-
tion mechanism, It is a result of the combination of a
more rapid decrease both in @ and in the current re-
quired to reach a given gain below 140°K, with the latter
dominating, It is worth elaborating at least qualitatively
at this point the significance of the slow increase in
threshold current at higher temperatures since this
makes cw operation possible at temperatures as high
as 112°C, ¥ At high temperatures, the carrier popula-
tion spreads in a wider energy range, More carriers
are thus required to reach a given gain, since only a
small fraction of the population which recombines with
a photon energy less than or equal to the difference be-
tween the electron and hole Fermi energies can con-
tribute to gain®; the rest of the carriers are wasted in
spontaneous recombination, In good carrier confine-
ment devices such as DH lasers, the injection current
is proportjonal to the total spontaneous recombination
rate, There is little difference in the recombination
rates with and without k selection for those carriers
which can contribute to the gain because they occupy
only a narrow energy range near the band edges, * As
far as achieving the same gain is concerned, about the
same density of carriers is required regardless of
whether the K selection is followed or not. However,
this same carrier density yields a much smaller total
spontaneous recombination rate with selection rule
since the recombination is restricted to carriers with
the same k, 3 The higher the temperature, the smaller
the fraction of these carriers, We therefore expected
that the current required to reach a given gain increases
much slower with temperature if the transitions follow
the k selection, As a comparison, we plot in Fig, 8
(dashed curve) the calculated temperature dependence
of threshold current in the case of nonselection rule
transitions® using the same o as for the k selection
case, The vertical scale of the curve is reduced by a
factor of 3.3 for easy comparison, The current is seen
to increase more rapidly at high temperatures, We
therefore conclude that the change of temperature de-
pendence of the threshold from a faster rate at low-
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temperatures to a slower rate at high temperatures is
a consequence of k selection rule transitions,

IV. CONCLUSION

The temperature dependence of the threshold current
has been measured for a wide range of impurity con-
centrations in the active region, At high temperatures
(> 100°K), the threshold increases relatively slowly
and the behavior is independent of the type and concen-
tration of the impurity. Theoretical calculation using
the measured cavity loss shows that this high-tempera-
ture behavior is to be expected for a band-to-band re-
combination which follows Kk selection. The threshold
current at low temperatures (= 80°K) decreases more
rapidly with temperature but sometimes shows satura-
tion depending on the type and concentration of the im-
purity, The higher the impurity concentration, the
higher the saturation temperature., The saturation tem-
perature is also higher for n-type active regions than
for p-type active regions for the same impurity con-
centrations, The saturation is attributed to the carrier
diffusion length becoming smaller than the active-layer
thickness, While the internal differential quantum
efficiency is independent of temperature, the internal
loss decreases with temperature, The decrease in
internal loss is caused mainly by the reduction in free-
carrier absorption,
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