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Abstract—We derive theoretical expressions for the impedance
of quantum-well lasers below and above threshold based on a
simple rate equation model. These electrical laser characteristics
are shown to be dominated by purely electrical parameters
related to carrier capture/transport and carrier re-emission. The
results of on-wafer measurements of the impedance of high-speed
Ing 35 Gao 65 As/GaAs multiple-quantum-well lasers are shown to
be in good agreement with this simple model, allowing us to
extract the effective carrier escape time and the effective carrier

lifetime, and to estimate the effective carrier capture/transport
time.

1. INTRODUCTION

EVERAL models have been proposed to account for the
Sinﬂuence of carrier transport, carrier capture and carrier
re-emission on the dynamic properties of quantum-well (QW)
lasers [1]-[4]. These models typically consider the interplay
between unconfined carriers in the core region and confined
carriers in the quantum wells (QW’s) by means of an effective
carrier capture/transport time, 7.,p, and an effective carrier
escape time, Teo... The determination of these time constants
under the operating conditions of interest 1s thus of maximum
interest in order to optimize the high-speed performance of
QW lasers.

Kan and Lau have proposed an electrical equivalent circuit
for QW lasers [5], and have demonstrated that the electrical
impedance 1s very sensitive to the values of 7¢,p, and 7esc . We
have recently presented impedance and modulation response
measurements of p-doped Ing 35Gag g5 As/GaAs multiple quan-
tum well (MQW) lasers [6]. The impedance characteristics
of these devices can be described by a simple RC circuit,
with a bias-dependent time constant, 79, which takes into
account the combined _inﬂuence of Tcap and of the space-charge
capacitance, C,.. In these highly-doped lasers, the following
conditions explain the observed behaviour of the impedance:
1) Teap/Tese K 1, and ii)Tef /Tese € 1, Where Tog denotes the
effective carrier lifetime in the QW’s.

In the present work, we derive the theoretical expressions for
the differential diode resistance and the frequency-dependent
impedance of QW lasers based on a simple model using three
rate equations. We compare the model predictions to the ex-
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perimental values of the impedance of lasers with intentionally
undoped Ing 35Gag g5 As/GaAs MQW active regions, in which
the above condition 1) is also fulfilled, while condition i1) 1s
no longer valid. The latter gives rise to a distinctly different
behaviour of both the frequency-dependent impedance and
the differential diode resistance of the undoped devices, as
compared to the lasers with p-doped active layers. The results
of the measurements are shown to be in good agreement
with the theoretical predictions, suggesting that impedance
measurements can indeed be a valuable tool with which to
directly extract carrier capture/transport parameters.

I[I. RATE EQUATIONS

Neglecting electrical parasitics and recombination of carri-
ers in the core region, the dynamic behaviour of a quantum-
well laser is modelled using three rate equations, one each for
the volumetric photon density in the cavity, S, the number
of unconfined carriers in the core, N,., and the number of
confined carriers in the QW, N,,:

dS
7 = S(FG — I/Tp)
AN,
dt = —Ny(1/Tet + 1/Tesc) + Ne/Tcap — SVquG (1)
dN dV. C
& — £ i NC Ca N’U} esc:
TR A R T [ Teap + N/ T

In (1) 7, denotes the photon lifetime, I' the confinement
factor, G(N,, S) the material gain, / the injection current,
V. the voltage applied across the core, V,,, the QW volume,
and ¢ the elementary charge. The material gain is written
as G(N,,S) = G(N,)(1l — &S) with the nonlinear gain
coefficient, €. The influence of the space-charge capacitance,
C.., must be considered in order to properly describe the
dynamical characteristics of QW lasers, as is also the case
for bulk lasers [7]. It should be noted that 7.,, must be
interpreted as an effective capture time, taking into account
both the transport of carriers across the core region and the
quantum capture process [8].

I11.

The static solution (N0, Neg, So etc.) of (1) 1s obtained
by setting the time derivatives to zero, yielding in the case of
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in the subthreshold regime and

(I{) = %:ilth)'rcap
Nyo = Ny,th and Neo = p (3)
above threshold, where Iy, = qNy tn/7er and Ny, 1n denote
the threshold current and the threshold carrier number in
the QW, respectively. Above threshold, the material gain is
clamped to its threshold value, resulting in a clamping of the
carrier number in the QW to Ny, i [9].

A key step in the derivation of the differential diode
resistance is to relate the carrier number in the core to the
voltage applied across the core, V.. Neglecting electrical
parasitics, this relation is expressed as

N, x o TV with Vir = kT/q, (4)

where m, k, and 1" are the diode ideality factor, the Boltz-
mann constant, and the absolute temperature, respectively. The
differential diode resistance, Ry = dV,.o/dly is then derived
by inserting (4) in (2) and (3) and subsequent differentiation,
yielding

mXT for Iy < Iiy,
Ra(ly) = - - (5)
ID+;§'§Ith for 1o > Lin

(5) predicts a drop in the differential diode resistance at lasing
threshold

Ra(ly — Iy, Iy < Iin)
Rq(lo — L, Ig > Itn)

Teff

=14 (6)

TESC

which can be used to estimate the ratio 7.g/7esc. In the case
of negligible carrier re-emission Teg/Tesc <€ 1 (5) simplifies
to the corresponding expression for conventional diodes Ry =
mVr /1y, both below and above threshold. Note that R, does
not vanish above threshold, contrary to the behaviour in ideal
bulk lasers [10]. In general, the terminal voltage in QW lasers
1s not clamped above threshold, because the carrier number in
the core increases even above threshold, as can be seen from

(3).

IV. FREQUENCY-DEPENDENT IMPEDANCE

The solution of (1) in the small-signal regime is obtained
by expanding the vanables I,S5,N,,, and N, around their
steady-state values, e.g., S(t) = So + s(w)e’™t. We further
introduce the relaxation frequency, w, = 1/G'So/7, with
the differential gain, ¢’ = V,,,0G/0N,,, the damping rate,
v = 1/Tegg + w2(1, +€/G’), and the bias-dependent electrical
diode time constant

TO(IO) — Tcap -+ 5 ) Rd(IU) . CSC(IO) (7)

with £ = Tesc/(Tef + Tesc) below threshold and £ = 1 above
threshold. Note that there 1s no discontinuity in 7y at threshold,
as can be seen from (35) and (7). The electrical diode time
constant summarizes the effects of charge stored in the core
and of charge stored in the depletion region of the p-n junction.

Using (4) and (5) in conjunction with this small-signal
solution, the exact expression for the frequency-dependent

impedance, Z(w) = v.(w)/i(w), can be derived. This exact
expression, however, is quite lengthy and its physical inter-
pretation is therefore difficult. In the limit of weak carrier
re-emission, To/Tese < 1 and € - Sy < 1, this expression
simplifies to

1

Z(w) - Rdl + ju)’?‘()

T(w) (8)

with the function 7T'(w) given by

1 .
T(w) . +]CUT1

= : with 1/ = 1/7eg + 1/Tese (9)
1 + jwreg

in the subthreshold regime and by the expression

w,:‘f —w? + JWYT

T(uj) — wg — w2 _|_jwf}(

(10)

with v7 = v + 1/7Tesc

above threshold.

Below threshold, (8) and (9) predict an impedance function
with two poles and one zero. Above threshold, T'(w) = 1
both at very low (w <« w,) and at very high frequencies
(w > w,). Equations. (8) and (10) then predict a peak in
the impedance at the relaxation frequency with the relative
magnitude 7T(w,)/T(0) = ~1/v if 1ow, < 1. At high bias
currents, vy = -, and the peak in the impedance disappears.
In the case of negligible carrier re-emission Teft[Tese <K 1,
the relations 7; = Teg and v; = ~ hold, and thus T'(w) = 1,
both below and above threshold. The impedance in this case
simplifies for all bias currents to the impedance of a simple
RC parallel circuit with the time constant 7.

V. MEASUREMENTS

In order to investigate the validity of the above model, we
performed on-wafer measurements of the differential diode
resistance and the frequency-dependent impedance of MBE-
grown, high-speed Ing 35Gag gsAs/GaAs MQW lasers with
undoped active regions. The lasers were fabricated in a triple-
mesa structure with an active mesa width of 3 gm and a cavity
length of 200 pm. Further details of the epilayer sequence
and the lateral device structure are reported in [11]. The
differential diode resistance was determined by numerical dif-
ferentiation of the DC current-voltage characteristics measured
using a HP 4145 semiconductor parameter analyzer. On-water
measurements of both magnitude and phase of the frequency-
dependent impedance were performed using a fully calibrated
HP 8722A network analyzer.

In order to properly model the measured values of the
impedance, a parasitic series resistance R, has to be added to
the impedance derived from the rate equations. Fig. 1 presents
10% = Io(R4+ R,), where Vy = V. o+ 1o R is the terminal
voltage, as a function of [, demonstrating the drop in R, at
threshold predicted by (6). After correcting for the effect of the
series resistance, the measured values of Io‘fi—‘ﬁ}l slightly below
and above threshold can be further used to estimate 7. /7esc
at threshold using (6), yielding 7o /Tesc = 0.8.

Fig. 2 presents the measured magnitude of the frequency-
dependent impedance, Mag(Z), versus frequency for various
bias currents in the vicinity of threshold. Below threshold,
the curves demonstrate the behaviour predicted by (8) and (9)
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Fig. 1. Measured differential diode resistance of a 3 x 200 pum?® laser

with four undoped Ing 35Gag 65 As/GaAs QW’s versus bias current, Ig. The
threshold current is 14.5 mA.

with two poles and one zero. This figure further demonstrates
that the ditferential diode resistance does not vanish above
threshold, in agreement with (5). Above threshold, the low-
frequency pole disappears and a peak in the impedance is
observed at the relaxation frequency. By fitting both the
magnitude and the phase of the exact small-signal solution of
(1)-(3) to the experimental results (see fit curves in Fig. 2), we
were able to extract the values of 7y, 7., and 7. as a function
of the bias current. At threshold, 7. and 7... are found to be
0.3 and 0.45 ns, respectively, which is consistent with the
ratio Tegr/Tesc €Xtracted from the drop in R4. The electrical
time constant 7p, is found to decrease with increasing bias
current from 30 ps at 1 mA bias to approximately 10 ps at bias
currents well above threshold, yielding a ratio 7g/7esc below
0.1 and justifying the approximation made in the derivation
of (9)—(11). From (7), the above results also yield an upper
limit of 10 ps for the effective carrier capture time, T¢,p, at
high bias currents.

VL

In summary, we have derived the theoretical expressions
for the impedance of QW lasers using a simple rate
equation model. By fitting the theoretical expressions to
the results of on-wafer measurements of the impedance
of Ing 35Gag g5As/GaAs MQW lasers with undoped active
regions, the effective carrier escape time, the effective carrier
lifetime in the QW’s, and the electrical diode time constant
could be extracted.

CONCLUSION
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Fig. 2. Measured and fitted (see text) impedance of a 3 x 200 um® laser
with four undoped Ing 35Gag 65 As/GaAs QW’s versus frequency at various
bias currents in the vicinity of the lasing threshold.
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