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Amplified Spontaneous Emission and Carrier Pinning

in Laser

Diodes
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Abstract—Theoretical and experimental results for the tem-
perature dependence of amplified spontaneous emission (ASE)
in laser diodes (LD’s) and light-emitting diodes (LED’s) are
presented. Our theoretical model takes into account conduction
band nonparabolicity and band-gap renormalization. The gain
spectrum is calculated from the theoretical spontaneous emis-
sion spectrum and both compare very well with experimental
data. From a fit to the observed temperature dependence of
ASE for a LED and the gain spectrum for a LD with an iden-
tical structure as the LED except for mirror reflectivity we are
able to establish carrier density as a function of injection cur-
rent for both devices. We show that photons fluctuating into
cavity modes give rise to substantial subthreshold carrier pin-
ning in laser diodes. These fluctuations extract an extra current
from the device and play an increasingly important role with
increasing temperature.

I. INTRODUCTION

NDERSTANDING the physical origin of the tem-

perature dependence of laser diodes is an outstanding
problem [1], [2]. For example, threshold current typically
increases rapidly at elevated temperatures. In recent years
significant effort has been expended with the aim of re-
ducing threshold current by using quantum-well struc-
tures [3] or strained materials. It was also hoped that such
an approach would reduce the temperature sensitivity of
threshold current in laser diodes. Despite much work, the
temperature dependence of threshold current, as parame-
terized by a characteristic activation temperature 7, has
remained essentially unchanged. Why this should be so
has not yet been satisfactorily explained.

Recently, we approached the problem from a perspec-
tive which highlighted the importance of photon statistics
near laser threshold. We were able to show experimen-
tally that fluctuations of photons into cavity modes of a
laser diode at subthreshold current contribute to the tem-
perature dependence of the device [4]. In addition, and
contrary to popular belief, it has been shown that Auger
recombination does not play a dominant role in determin-
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ing the temperature dependence of threshold current in
long wavelength (1.3 um) laser diodes [5]-[7].

Of course, if one is to successfully model the temper-
ature dependence of laser diodes, then it is important to
understand the photon amplification mechanism in the de-
vice. Gain spectra have been calculated previously for
bulk semiconductors [8]-[10] and quantum-well struc-
tures [11]-[15]. The calculation of gain in bulk materials
usually involves parabolic band structures since they pro-
vide analytical results in the limit of zero scattering line-
width and, therefore, a clear physical picture of the gain
process. Inclusion of finite scattering linewidth within a
parabolic band structure model has also been applied to
the study of gain in bulk and quantum-well semiconductor
lasers [11]. In the case of quantum-well lasers, it has been
shown that valence-band mixing effects play an important
role in determining the gain spectrum [12]-[14]. The sit-
uation is somewhat more complicated for strained quan-
tum-well lasers. In these circumstances, the valence-band
structure is best described by a Luttinger-Kohn Hamil-
tonian including the Pikus-Bir strain term resulting in
strong mixing between heavy-hole and light-hole bands.
In addition to the above, many-body effects, such as the
influence of band-gap renormalization and screened ex-
citons, all play important roles in determining gain in
semiconductor lasers [15]-[18].

In this paper, we investigate the relationship between
carrier pinning and photon emission from index guided
edge-emitting laser diodes (LD’s) and light-emitting
diodes (LED’s) at different temperatures. Our theoretical
model takes account of conduction band nonparabolicity
effects and a carrier dependent band-gap renormalization.
Gain spectra are calculated from spontaneous emission
spectra using a relationship between the two spectra [19].
Our model preserves the simplicity of the density-matrix
formulation and, unlike the conventional approach, sat-
isfies the thermodynamic requirement that the transpar-
ency energy occur at the difference of electron and hole
chemical potential. An unphysical sign change from gain
to absorption below the bandgap assuming a constant
linewidth in the conventional model, as pointed out in [20]
and [21}, does not occur in our model.

Our experiments [22] make use of the fact that spon-
taneous emission experiences amplification while propa-
gating along the waveguide [23]-[25]. In contrast, non-
guided light, which is measured by collecting emission
through a window in the substrate, does not experience
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Fig. 1. Measured spontaneous emission spectrum obtained by collecting
photons through a window in the substrate L” and the amplified sponta-
neous emission spectrum obtained by collecting photons from the facet L*
of a LED.

gain. In Fig. 1, we show the measured window sponta-
neous emission spectrum LY of an edge emitting LED.
This consists of light collected through the substrate and
corrected for free-carrier absorption in the n-type sub-
strate. The amplified spontaneous emission spectrum L”
is also shown. The difference between the two spectra in-
dicates clearly the effect of amplification for spontaneous
emission light traveling along the waveguide. By com-
paring the measured emission spectra L™ and L” we ex-
tract the carrier density n for various drive currents / and
temperatures 7. Both TE and TM polarizations of the facet
light are considered, while the window light has no de-
pendence on polarization. Using the same device struc-
ture, but introducing facet mirrors to form a laser cavity,
we then measure the gain spectrum for the LD. We use a
standard bulk active region buried heterostructure design.
The active region consists of an InGaAsP layer of thick-
ness d = 0.14 um with a room temperature bandgap of
Eg = 968.4 meV (wavelength A, 1.28 pm) lattice
matched to an n-type InP substrate and capped by a layer
of p-type InP. After a two-step regrowth process, the ac-
tive region has a width w = 1 um and is surrounded by
InP. The device is cleaved to a length / = 260 um and
bonded p-side down onto a BeO submount. LD’s are as
cleaved devices and LED’s are formed by antireflection
coating both facets. A gap or window in the metalization
making electrical contact to the back of the n-type InP
substrate allows collection of nonguided light emitted
from the active region.

From a fit of the calculated to measured LED and LD
gain spectra, we extract carrier density for various drive
currents and temperatures. By comparing the relationship
between carrier concentration and injection current for
LED and LD at two different temperatures, we find sub-
stantial carrier pinning for the LD below lasing threshold.
This pinning arises due to subthreshold fluctuations into
laser cavity modes. These fluctuations, which extract a
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significant current from the LD, play an increasingly im-
portant role with increasing temperature.

In Section II, we present a theoretical model for gain
spectra, spontaneous emission and amplified spontaneous
emission spectra taking into account conduction band
nonparabolicity. Our theory is then used in Section IH to
compare with experimental results and to extract carrier
density at different drive currents and temperatures. We
show that our theoretical model agrees very well with ex-
perimental data. We then summarize our results in Sec-
tion IV.

II. THEORY

A. Conventional Model for Gain

Conventionally, the optical gain spectrum g,,,(w) in a
semiconductor laser is calculated from the imaginary part
of the linear susceptibility x(w) in the density-matrix for-
mulation [11], [12]

w
gconv(w) = - Im EOX(“’)
n,Cce

g0
— w 2 Mgv‘Yk
ngceo V' k [Eq k) — hol® + 1

A VAGRES 2 (9] (n
where w is the optical angular frequency, n, is the refrac-
tive index of the material, ¢ is the speed of light in free
space, and ¢, is the permittivity of the free space. The
factor 2 accounts for the spins, V is the volume of the
crystal, M,, is the electric-dipole moment matrix, f.(k) and
f.(k) are the Fermi functions for electrons in the conduc-
tion band and in the valence band, respectively. Here the
linewidth 7, depends on the scattering processes, and
E, (k) is the energy separation between a conduction band
electron and a valence band hole assuming the k-selection
rule for interband transitions.

The electric dipole moment M., may also be written in
terms of Kane’s parameter [26] P
—i(h/mg) (S| P.|X ), or an equivalent momentum-ma-
trix parameter E, in units of energy (eV), i.e.,
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where the factor 1/3 comes from a three-dimensional an-

gular average, and the conjugate relation between the mo-
mentum operator p and the position operator r,
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Here my is the free-space electron mass and A is Planck’s
constant A divided by 2.

B. Gain Calculated from the Spontaneous Emission
Spectrum

The spontaneous emission rate, or the number of emit-
ted photons per second per unit volume per unit energy
interval, is given by [27]-[29]

87rn12§(hw)2

RSP (w) = h3 C2

8sp(@) (&)

at a photon energy hw, where g,,(w) is conveniently de-
fined to have the same dimension (1 /cm) as gain.
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The above expression differs from that for conventional
gain g...,(w) by the term f(1 — f,) instead of f. — f,.
Here, we choose to calculate gain g(w) from the sponta-
neous emission spectrum using the expression [19]

2
T _ R
gw) = h <ﬁ> {1 — e MR (@) (D)
£
where
Ap =Eg + pp ~ 1y 8)

is the separation between electron and hole chemical po-
tential, p, and p,, respectively, and R,(w) is calculated
using (5) and (6). E; is the net band gap taking into ac-
count carrier-induced band-gap shrinkage,

E,=E - '/ ©)

where { is assumed to be the Ing 53Gag 47As value [30] 2.2
X 1073 (meV - cm) and n is the electron concentration
(in units of 1/ cm’) in the active region. The parameter ¢
is also taken to be independent of temperature. Ob-
viously, it would be helpful to know more about this pa-
rameter for InGaAsP materials. The quasi-Fermi levels p,
and p, are measured from the conduction band edge and
the valence band edge, respectively. Both are defined to
be positive in the upward direction using the electron en-
ergy picture (i.e., u, > 0 means the quasi-Fermi level for
the holes is above the valence band edge).

Our gain model ensures that the transparency energy,
or the transition from gain to absorption, occurs at Aw =
Ap [18]-[20], which is the renormalized chemical poten-
tial difference in a two-band rigid shift model. The model
also circumvents the unphysical situation that gain can
change sign below the effective band gap when an energy
independent linewidth v, is used [20]-[21]. Therefore, it
preserves the simplicity of the gain model, yet it contains
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physically significant features such as the renormalized
bandgap and the correct behavior of the transparent pho-
ton energy at Ap.

In our model, both heavy hole and light hole bands are
taken into account. The contribution of the light hole band
to the total gain is typically about 10% of that due to the
heavy hole band. We have assumed that the carrier con-
centration is large enough that exciton effects are screened
out. Our model can be further improved by not only tak-
ing into account screened exciton effects, but also the mo-
mentum dependence of linewidth y,.

In Fig. 2(a) and (b) we show results of using (7) to
calculate gain from the experimentally measured sponta-
neous emission spectrum. We then compare the result with
an experimental determination of gain using the Hakki-
Paoli method, as shown in Fig. 2(b). The details of the
experiments will be discussed in Section ITI. Examination
of Fig. 2(b) shows excellent agreement between the two
methods and verifies the correctness of both our theoret-
ical and experimental approach. This also demonstrates
experimentally the internal consistency of our model.

C. Conduction Band Nonparabolicity Effect

Since the conduction band effective mass in InGaAsP
is small, with increasing carrier concentration the electron
distribution becomes degenerate before the hole distribu-
tion does. Assuming no background doping level, con-
duction band nonparabolicity effects may become impor-
tant at high injection levels. Using the conduction band
dispersion relation [30]

'S
2m¥

= EQ1 + aE) (10)
where E = E_ (k) is the electron energy in the conduction

band, m is the electron effective mass and the nonpara-
bolicity parameter « is given by

1 1 m¥ [1 EA
o = — _ e -
E, my 3(E, + A)(E, + 2A/3).
(1
we obtain
2 [ Vx(1 + akgTx)(1 + 2akpTx)
n= NC—\/; SO dx 1 4+ %= (12)
where
*kp T\
N, =2 <m 2
2wh
X = E/kBT
and
xp = p/kgT. (13)
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Fig. 2. (a) The Fabry-Perot modulated emission spectrum facet light and
the spontaneous emission spectrum window light of a laser diode at 7 =
55°C and I = 20 mA. (b) Calculated material gain spectrum (solid curve)
using the relation (7) from the smoothed data of the spontaneous emission
spectrum in (a) and comparison with the measured gain spectrum using the
Hakki-Paoli method. The difference in chemical potential is Ap = 959
meV.
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The energy separation E_(k) in (6) can be obtained from

Ecv(k) = ELI’ + E(‘(k) - Ew(k)
[
_ \/—_T—*_
EY — ol 4 1+ V1 + Qah’K /m)
20
Rk with conduction band
=1 2m nonparabolicity
: S e
— 1/3 4 —
E, {n 2m¥ 2mj

\  (parabolic band model) (14)

where m;® equals the heavy-hole effective mass mj), for the
conduction band to heavy-hole band transitions, and m/
equals the light-hole effective mass mj; for the conduction
band to the light-hole band transitions.

D. Spontaneous Emission (Window Light) and Amplified
Spontaneous Emission (Facet Light)

The intensity of window light L” obtained by collecting
spontaneous emission through the substrate, is propor-
tional to the spontaneous emission rate per unit volume
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per unit energy interval per second multiplied by the en-
ergy of each photon and the volume of the active region,
wld, i.e.,

LY = hoR,(w)wldAY exp (—oyd;) Ae (15)

where the area A” accounts for the window aperture, exp
(—agd,) accounts for free carrier absorption [31] in a
substrate of thickness d;, and Ae¢ is the energy resolution
of the spectrometer. The facet light intensity, on the other
hand, experiences amplification [24] as the emitted pho-
tons travel along the active waveguide region. The
expression for LED facet light intensity is

1
LF = hoR(w)wd <§ es? dz> A” Ae (16)
0

where A" is the facet aperture function, g' = I'g is the
modal gain, and I' is the optical confinement factor. We
find

gl _

In(LF/L¥) = In [“’—gli] +1In (4"/4%) + ad,.
a7

For small d /) or (ng — nd), the optical confinement fac-
tor for TE polarization can be approximated by [29]

2
2 5. [7d
I = 2(”g — ny) <_> (18)
Ao
and for TM polarization,
o\ 7d\*
Ty =2 <—°> (n — n <—> (19
l’lg )\0

where ny is the refractive index of the substrate, n, is the
refractive index of the waveguide region, and \g is the
wavelength of radiation in free space. For a large d /A,
the optical confinement factors can be calculated numer-
ically by solving transcendental equations.

We have also measured LD amplified spontaneous
emission spectra for drive currents below threshold. The
facet light of the LD comes from multiply reflected am-
plified spontaneous emission in the laser cavity and can
be modeled using (16) multiplied by a factor accounting
for such reflections from the LD facets [24].

III. THEORETICAL RESULTS AND COMPARISON WITH
EXPERIMENT

In this section, we compare our theoretical results
with experimental data using an index guided
In, _,Ga, As P, _, waveguide structure fabricated on an
InP substrate. The bandgap wavelength is N\, = 1.28 um
in the active region at 295 K. Most material parameters
are taken from [32]-[34]. The lattice-matching relation
between x and y for the In; _,Ga, As,P, _,/InP system is

x = 0.1894y/(0.4184 — 0.013y). (20)

The energy equivalent interband momentum matrix E, is
linearly interpolated from those of the InAs, GaAs, InP,
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and GaP materials [35]. The spin-orbit split-off energy is
given by

A = 0.114 + 0.26y — 0.02y*. 21

The effective masses for electrons m¥, heavy holes m}),
and light holes m}, are

mf = 0.08 — 0.039y
and

0.12 — 0.069y. 22)

The band-gap energy as a function of temperature is given
by [32]

*
miy

aTl?

g+T

EYT) = EJ0) - (eV) (23)
where a = 0.426 x 1073, 8 = 224, and EJ(0) is deter-
mined from E2(295 K) =1.35 - 0.775y + 0.149y2 (eV).
For our material, we have x = 0.25, y = 0.55, and E2(0)
= 1.0398 eV. The refractive index n, in the
In, _,Ga,As, P, _, active region is taken to be 3.435 and
the substrate refractive index ng is 3.20 [32].

In Fig. 3, we show experimental data (top figure) for
the ratio of facet light with TE polarization and window
light together with theoretical results (bottom figure) for
the LED at 25°C. The zero of the experimental data has
been adjusted since there should be no gain far below the
bandgap. The vertical scale is in arbitrary units. From the
overall fit of the spectrum, we extract the carrier density
for five drive currents, I = 50, 20, 10, 5 and 2 mA. The
same parameters are used to fit the TM polarization data
at 25°C in Fig. 4. The differences between the TE and
TM results are mainly due to the optical confinement fac-
tor, which enters the modal gain in the expression for facet
light. Using the same model, we also compare experi-
mental data at 55°C for both polarizations in Figs. 5 and
6. Overall the agreement between experiment and calcu-
lation is very good. We can see that at the same injection
current, the amplified spontaneous emission spectrum re-
duces in magnitude and shifts toward lower energies when
temperature is increased.

In Fig. 7, we plot the difference in chemical potential
for electrons and holes at 25 and 55°C as a function of
carrier density. Since this is the optical transparency en-
ergy in the gain spectrum, or the zero crossing point in
the In(L¥ /L¥) spectrum, it provides a good estimation of
the carrier density for spectra such as those in Figs. 3 and
4. Theoretical results which do not include conduction
band nonparabolicity are also shown as dashed curves in
Fig. 7. As may be seen, there is an overestimation of
quasi-Fermi level using a parabolic band model which can
range from a few meV to 30 meV depending on the carrier
concentration. In Fig. 8(a), we compare our theoretical
gain spectra with (solid curve) and without (dashed curve)
the conduction band nonparabolicity effects at a carrier
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Fig. 3. Spectrum of the ratio of facet light to window light of the LED at
T = 25°C at ] = 50, 20, 10, 5, and 2 mA for TE polarization. The upper
figure shows the experimental data and the lower figure shows our theo-
retical results, both with arbitrary vertical scale. The corresponding carrier
density is indicated in the lower figure.
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Fig. 4. Same as Fig. 3, except for TM polarization.
concentration of n = 1.7 x 10'8/cm®. Fig. 8(a) shows

that a consequence of using the parabolic band model
[dashed lines in Figs. 7 and 8(a)] is that the transparency
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Fig. 5. Spectrum of the ratio of facet light to window light of the LED at
T = 55°C at I = 50, 20, 10, 5, and 2 mA for TE polarization. The upper
figure shows the experimental data and the lower figure shows our theo-
retical results, both with arbitrary vertical scale. The corresponding carrier
density is indicated in the lower figure.
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energy in the gain spectrum has a significant blue shift.
In Fig. 8(b), we compare calculated gain using (7) (solid
curve) and the conventional model, (4) (dashed line). Both

PHOTON ENERGY (meV)
(b)
Fig. 8. (a) The modal gain spectrum calculated with (solid curve) and
without (dashed curve) conduction band nonparabolicity at T = 55°C, a
carrier concentration 7 = 1.7 X 10'® /cm®, and v, = 25 meV. (b) Com-
parison of calculated gain using (7) (solid curve) and conventional model,
(4) (dashed line). Both models include conduction band nonparabolicity 7
=25meV, T = 55°C, and n = 4.0 x 10'% /cm®.

models include conduction band nonparabolicity, vy, = 25
meV, and carrier density is 4.0 X 10'8/cm3. It is clear
from this figure that the transparency energy in the con-
ventional model does not occur at Ax. In addition, the
conventional gain model predicts lower peak gain and ab-
sorption below the band edge.

In Fig. 9, we show a comparison of calculated gain
spectra with experimental data for the LD at T = 55°C
for three injection currents, I = 20, 15, and 10 mA, which
are all below lasing threshold, I,, = 21.5 mA. The overall
fit is good. The experimental gain spectra were measured
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Fig. 9. Comparison of the theoretical gain spectra (smooth lines) and the

experimental data (lines with noise) at three current levels / = 20, 15, and

10 mA (n = 1.7 x 10'® /cm®, 1.48 x 10" /cm?, and 1.20 x 10" /cm?,

respectively) at T = 55°C. vy, = 25 meV. The experimental gain spectra

were measured using the Hakki-Paoli method. A background free carrier
absorption of 21 /cm is found for this set of data.
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using the Hakki-Paoli or Fabry-Perot transmission mod-
ulation technique [36], [37]. This fitting procedure also
provides a method to extract carrier concentration for the
LD. In addition, the transparency energies, or the zero
crossing of the gain spectrum, were measured indepen-
dently using the experimental method of [38], and the re-
sults agree very well with the data shown in Fig. 9. The
fast decaying behavior of the experimental data at the low
energy side can be improved using the phenomenological
line shape model discussed in [39] and [40]. A rigorous
theoretical basis for such a line shape has yet to be estab-
lished. From the photon energy (935 meV) of the peak
theoretical gain for / = 20 mA and T = 55°C, we obtain
a wavelength 1.326 um, which is close to the measured
lasing wavelength of the LD, A = 1.321 pum. Similarly,
our theory gives a peak wavelength of the gain at A =
1.312 pm for T = 25°C and I = 10 mA, which agrees
very well with the experimental value A = 1.310 um.

In Fig. 10(a) and (b), we plot carrier density as a func-
tion of injection current for both LED and LD at two tem-
peratures. The data for the LED are obtained from Figs.
3-6, and some of the data for the LD are obtained from
Fig. 9 with the remainder from similar measurements. It
is apparent from the data that carrier pinning in the LED
is less substantial and less temperature sensitive than in
the LD. We note that the presence of two mirrors which
form the cavity of a Fabry-Perot laser create definite lon-
gitudinal resonances called cavity modes. The formal
analogy which exists between a Landau-Ginzburg phase
transition and photon statistics around laser threshold [4]-
[6] allows us to describe all photons in cavity modes be-
low threshold as (unsustainable) fluctuations. Hence,
within this formalism, the extra subthreshold photon in-
tensity in a laser diode arises from cavity mode photon
fluctuations and it is these photon fluctuations that cause
carrier density to be pinned more effectively than in the
corresponding LED. To some extent, the standard rate
equations deal with an aspect of this issue by adopting a
mean-field approach. However, to understand the carrier
pinning due to photon fluctuations into cavity modes we
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Fig. 10. Carrier density versus injection current plotted for both LED and
LD at (a) T = 25°C and (b) T = 55°C. Some of the circles are obtained
from the fit in Figs. 2-5 for LED and Fig. 8 for LD. The solid curves are
just a visual guide.

must consider the possible recombination channels in both
the LD and the LED.

Since the only difference between the LED and LD is
the presence of cavity modes in the LD, it is clear that
fluctuations into cavity modes account for approximately
half the current flowing into the LD at threshold. To reach
threshold it is necessary to supply an extra current to over-
come the effects of this carrier pinning. The remaining
current is due to recombination processes present in both
the LED and LD. At T = 25°C, the threshold current for
the LD is I, = 9.7 mA. The contribution to this current
from photons fluctuating into cavity modes is approxi-
mately 4 mA. The threshold current for the LD at T =
55°C is I, = 21.5 mA and the contribution of photon
fluctuations is now 10 mA. The importance of optical
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mode fluctuations is clearly enhanced at elevated temper-
atures. Such subthreshold fluctuations act as a feedback
mechanism which causes laser threshold current to in-
crease with increasing temperature. On the other hand,
the variation of carrier density at threshold in the LD re-
mains relatively temperature insensitive (n,(T = 25°C)
1.5 x 10"®/cm’ and n, (T = 55°C) = 1.75 X
10" /cm’®) and is similar to that expected for a simple (T
+ 273)%/? power law behavior.

The temperature dependence of LED current at the
laser threshold carrier density has both radiative and non-
radiative components. The radiative channels are single
pass ASE and spontaneous emission. The nonradiative
carrier and photon recombination channels may have con-
tributions from the possible presence of defects, weakly
temperature-dependent Auger recombination [41] and
free-carrier absorption. Clearly, the current required for
the LED to attain the same carrier density as the laser at
threshold will also contribute to the overall temperature
sensitivity of LD threshold current.

IV. CoNcLusiON

In summary, we have investigated the temperature de-
pendence of amplified spontaneous emission spectra in
LED’s and gain spectra in LD’s of the same geometry.
We show that our theoretical model, which makes use of
a relationship between gain and spontaneous emission, can
explain the experimental data very well. Using this model,
carrier pinning in a laser diode and its temperature de-
pendence has been investigated. We conclude that pho-
tons fluctuating into cavity modes of a laser diode at
subthreshold drive current contribute to the temperature
dependence of the device.

If, in the future, it is possible to suppress photon cavity
mode fluctuations then it might be realistic to expect a
reduction in the temperature sensitivity of laser diode
threshold current. One approach might be to use micro-
disk lasers {42], [43] in which only one optical mode
overlaps the gain spectrum.
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