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The maximum optical gain and the spontanecus noise enhancement factor in quantum wefl
structures are expressed as extremely simple functions that are accurate over a wide range of
carrier densities. These expressions are used to study the effect of doping on the optical gain
and the noise enhancement factor it 2 100 A InGaAs/InP quantum well structure. n-type
doping is most effective in reducing the transparency excitation level (laser threshold) and the
noise enhancement factor (amplifier noise figure ), whereas p-type doping enables increased

gain at a given excitation level.

Quantum well material is now prepared routinely in sev-
eral compound semiconduetor systems. The semiconductor
faser has benefited greatly from the development of these
structures. Lasers employing the appropriately designed sin-
gle or multiple guantum well active layers exhibit lower
threshold current deusities, reduced phase noise, and im-
proved dynamic response as compared to their conventional
counterparts.' ™ Optical amplifiers employing quantum well
active layers should also exhibit improved performance.” To
optimize a guantum well active layer for improved device
performance, it is desirable to have simple expressions for
optical gain and related quantities as a function of excitation,
doping, well width, temperature, etc. In this letter we will
show that very simple approximate expressions for optical
gain, spontaneous emission, and the spontaneous noise en-
hancement factor can be derived for quanium well struc-
tures. These expressions include the effects of multiple sub-
bands and remain accurate for excitation levels that result in
degenerate carrier populations. As an application of these
expressions, we use them to investigate the effect of p- and »-
type doping on gain and the noise enhancement factor in a
100 A InGaAs/InP guantum well structure.

We assume throughout this analysis that all subbands
are parabolic and that optical transitions obey rigorous k-
selection rules. Transition broadening is neglected (ie., 7,
= o ). We focus on gain resulting from the lowest energy
subband in the conduction and valence bands. The point of
maximum gain in this case always occurs for the band-edge
transitions. {In the bulk the gain peak lies above the band
edge and depends sirongly on excitation.} Under these as-
sumptions the maximum optical gain &, and the sponta-
negus noise § at the gain peak are given by the following
eXpressions:

G = Golfe (n) — () ], (1

S=G, (Ml —-f,(n)]. (2)
&, is a constant given by

Gy = Eylpi’m* N /el W, (3

where £, is the transition energy, u is the dipole moment
matrix element for the transition, m* is the reduced mass, N
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is the number of quantum wells interacting with the optical
field, eis the dielectric constant of the material, and Wis the
effective width of the optical mode.® This G, includes the
effect of incomplete spatial overlap of the optical mode with
the guantum wells (i.e., the confinement factor is included).
The gain constant without the spatial overlap integral in-
cluded (the “material” gain)} is found by replacing N /W
with 1/L,. Equation {3) is most easily applied in separate
confinement structures. In these structures, the effective
width # is approximately independent of the number of
quantum wells, &. The units of & are inverse time.

The quantities £. (7} and /, (#) are Fermi electronic oc-
cupancies for states ar the jowest energy conduction and va-
lence subband edges, respectively. We assume quasineutrali-
ty so that each occupancy is determined by knowiedge of the
clectron density. By straightforward integration of the gua-
si-Fermi occupancy over states in the conduction band, fol-
lowed by substitution using f,, the following relation is es-
tablished between # and £,

n= 3 n, Yol 1+ Je - e s (4)
et 1 f

{=0

* €

where the summation is over subbands with the / th subband
edge located €, (in units of x5 7)) higher in energy than the
fowest encrgy subband edge (i.e., €, = 0}. The guantities n,
are given by

ry =i, Tm /o#L,, (5)

where m,, is the effective mass of the [ th conduction subband
and L, ts the well width. An equation similar to (4) holds for
the valence bands with £, replaced by 1 — £, , €, replaced by
|1, and n, replaced by p, with corresponding valence-band
effective masses entering into Eg. (8). Te rewrite Egs. (1)
and (2) in terms of carrier density, it is necessary to invert
Eq. (4) and the corresponding equation for the valence
band. For the case of bulk material the analog of Eq. (4) is
not a closed form expression and its approximate inverted
form must be derived using the Joyce-DHxon approxima-
tion.” For guantum wells we have found a very simple inver-
sion formula. It can be verified by direct substitution that
Eq. (4) and the corresponding valence-band eguation have
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the following approximate inverted forms:
fi=t—e™ "7, (6)
f;; —g" n/:%’9 (7)

where, for example,
N = E e (8)
{=0

The validity condition for this approzimation is given below
for Eg. (7). Equation (6) has a similar validity condition
which is always satisfied provided the condition on (7) is
valid. The validity condition is

zl-_— 1P1€_ %1(1 —e” ﬁuz)
297

This expression demonstrates an interesting property of this
approeximation. If we consider varying the subband energy
spacings simultaneously {say by varving the well width),
then Eq. {9a} suggests that there is no error to second order
at the extremes. In fact, it can be shown that the results in
(6} and (7) are exact at these endpoints to the extent that we
can still use the effective mass approximation for ultranar-
row wells. If we neglect the second exponential in the sum,
then (Sa) has the following more useful form:

<l {%9a)

P —py

252 7% .
As an example, consider a 100 A quantum well in the
InGaAs/InP system. We use m, = 0.041m, and assume all
heavy-hole-related subbands Thave effective masses
my, = 0.5m, and all light-hole-related subbands have effec-
tive masses my, = 0.051m, (i.e., band mixing effects are ne-
glected).? Et is sufficient to consider only the first conduction
subband and the four lowest valence subbands in our calcu-
lation of .4 and Z. At rocom-temperature condition {9b)
gives p<£4.7x 10" ¢m . The approzimation is therefore

valid over an extremely wide range of carrier densities.
As a further test of the approximation, we have plotted
. and f, versus carrier density at several donor (Fig. 1) and
acceptor (Fig. 2) concentrations levels using Eqgs. (6} and
{7) and the exact form for comparison. Thereis only a slight
deviation from the exact result for the case of heavy p dop-
ing. These plots are interesting in one other respect. From
Eq. (1) theintersection of £, and f,, corresponds to the trans-
parency excitation level. Therefore, plotting the exponential

(5b)

.4

; \ -
0.3 \\ \ i i
oer N\ \ N, =1x10"em’ )
o7t \\ B

A
> 08 i i
E 05 4

* oal Undoped

63 J
/

0.2

L/
.1 z Exact & Simplitied 1
o s L 5y Ex

VT U
V] 2 4 3 8 % 12 14 % 18 28
Injection Garrier Density (x10" /om®)

FIG. 1. Approximate {solid curve) and exact (dashed curve) plots of f, and
£, vs carrier density at several domor concentration levels for a 100 A
InGaAs/InP quantum well. Solid and dashed curves are coincident.
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FIG. 2. Approximate (solid curve) and exact (dashed curve) plots of f, and

f. vs carrier density at several acceptor concentration levels for a 100 A
InGaAs/knP guantum well.

functions in (6) and (7) in this way leads to a very simple
graphical means of estimating transparency shifts under var-
ious conditions. Notice that the inclusion of donors or accep-
tors merely shifts the appropriate curve along the horizontal
axis by the amount of doping level. In expressions (6) and
(7) and all that foilow, the presence of donors or acceptors
can be accounted for by making the following replacements:

donors: n/ A = {n -+ N}/ NV,
acceptors: n/ ¥ - (n + N/ &,

Finally, we substitute Egs. (6) and (7) into Egs. (1)
and {2) to obtain the foliowing expressions:

Grax = Gl —e" " —e="7), (10a)

dG ;

—= Go(‘;?“ e 4 —;}7 e ”"”), (10b)

§=Gy(l—e ™ )1 —e” "), (11)
S e #/. ‘e - /P

ns]p = G =1 + f—e" rz/.,.ff_er—n/.‘% : (32)

n,, is the amplifier noise enhancement factor (also called the
spontaneous emission factor in semiconductor lasers). We
have also given an expression for the differential gain in
{10b). This guantity plays a central role in determining the
fundamental frequency response of semiconductor lasers.
We consider again the case of a 100 A quantum well in the
InGaAs/InP system. G, per quantum well for TE modes
and n,, are piotted versus carrier density in Figs. 3 and 4 at
various donor and acceptor concentration levels. The &,
of 2 multiple quantum well separate confinement structure is
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FEG. 3. Optical gain per quantum well vs carrier density at various donor
and acceptor concentration levels for a 100 A InGaAs/InP quantum well.
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FIG. 4. Spontaneous noise enhancement factor vs carrier density at various
donor and scceptor concentration levels for a 100 A InGaAs/InP quantum
well.

found by multiplying the values in Fig. 3 by the number of
gquantum wells. In the calculation of G, we have assumed a
dipole matrix element of |u|/g = 6 A,” a relative diclectric
constant of 12.7, W= 3000 1&, and a iasing wavelength of
1.55 pem. In Fig. 3 it is interesting 1o note that both p- and »-
type doping lead to increased gain and decreased transparen-
¢y levels as compared to the intrinsic case. In general, how-
ever, the magnitude of &, is more strongly influenced by
p-type doping, whereas the transparency level is more
strongly influenced by n-type doping. In Fig. 4, n,, ata given
excitation level is reduced for both p- and n-type doping. n-
type doping is more effective in reducing #,,, however, re-
flecting the more rapid reduction in transparency excitation
level exhibited in Fig. 3. These same conclusions apply in
other material systems having a strong conduction band/va-
lence band effective mass asymmetry. In particular, nearly
identical results to those in Figs. 3 and 4 hoid in the
GaAs{AlGaAs) system.

Based on these results we propose that n-type modula-
tion doping of quantum well active layers may have certain
benefits to lasers and amplifiers. First, the ability to reduce
the transparency excitation level when combined with a re-
duction in the overall laser cavity losses could reduce laser
thresholds beyond the already impressive limits that have
been set in quantum well lasers.” Second, n-type modulation
doping in a quantum well amplifier could significantly im-
prove the noise figures of these devices (note: NFx=2n,,).
For the same reason laser intensity noise and phase noise wiil
also be reduced. Note that, in general, operation at wave-
lengths shorter than the gain peak wavelength will resuit in
slightly larger n,, values.

The potential advantage of p-type doping for laser oper-
ation is increased modulation speed. In Fig. 5 the differential
material gain normalized by the bulk material value for
InGaAs has been plotted. The intrinsic direct modulation
speed varies as the square root of the differential gain at the
operating point carrier density and waveiength. Note that in
Fig. 5 the differential gain of the quantum well is, in fact,
reduced by doping of the quantum well, thus tending to re-
duce direct moduiation speed at a given operating point. p-
type doping causes a minor reduction, and n-type doping
causes a large reduction. The slight p-type-induced reduc-
tion can be offset, however, by the ability to operate at a
lower carrier density since tramsparency is also reduced.
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FIG. 5. Quantum well differential gain normalized by the typical value for
bulk differential gain in the InGaAs system.

This idea has been demonstrated experimentally using p-
tvpe modulation-doped guantum well active tayers.*

In conclusion, we have derived very simple and accurate
expressions for the optical gain and the spontaneous emis-
sion noise factor of a quantum well active layer. The effect of
varying excitation level, quantum well width, donor or ac-
ceptor concentration levels, and temperature can be rapidly
tested using these expressions. As an example, we have used
the expressions to calculate maximum gain and the sponta-
neous noise factor versus carrier density in a 100 A
InGaAs/InP quantum well. We noted that p-type doping is
more effective in increasing gain, whereas n-type doping is
more effective in reducing the transparency excitation level
and n . The simple formulas developed here do not include
the effects of intervalence band absorption, and therefore
certain predictions, particularly those pertaining to gain in
p-type longer wavelength systems, may be only gualitatively
correct. Furthermore, all results have been expressed in
terms of carrier densities. To relate these to an injection cur-
rent requires knowledge of carrier recombination rates. In
the longer wavelength systems these will have a strong Au-
ger component which could diminish the improvements de-
rived by heavy doping. The results, however, should be unaf-

ected in the shorter wavelength systems. We plan to
investigate the effect of intersubband absorption and Auger
recombination on the predictions of this approximation else-
where. Finally, we note that the calculation of & employed
here used the bulk values for heavy and light hole effective
masses. To be more accurate one could use the in-plane effec-
tive masses found by properly accounting for valence-band
mixing effects by the gquantum well.

The authors are grateful for several stimulating discus-
sions with Tien Pei Lee.
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