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Abstract— We present experimental results on the high-
frequency electrical impedance of 1Ing ;5Gag.sszAs—GaAs
multiquantum-well lasers with varied p-doping levels in the
active region. The analysis of the data, using a simple three rate
equation model, provides information about the dynamical time
constants (the carrier lifetime, the effective carrier capture and
escape times) under the laser operation conditions. The addition

of p-doping increases the carrier escape time at threshold from

0.7 ns, extracted for the undoped devices, up to a value higher
than 2 ns for the p-doped lasers. The effective capture time is
estimated to be between 2 and 5 ps.

HE TRANSPORT of carriers across the confinement
Tregion, the carrier capture into, and the carrier escape
out of the quantum wells (QW’s) are very important processes
for understanding the dc and high-frequency properties of QW
lasers [1]—[5].The most usual rate equation models considering
these processes [1]-[4] describe the carrier transport/capture
and escape rates using effective transport/capture and escape
times, 7Teap and Tese, respectively. A good knowledge of 7.,
and T... at the injection levels used in present laser structures
1s necessary to consider the influence of these processes on
the laser performance. |

We have recently demonstrated [4], [5] that high-frequency
electrical impedance (HFEI) and modulation response (MR)
measurements can provide valuable information about the car-
rier dynamics at the laser operating conditions. Qur results in-
dicated that a simple *‘three-rate-equation” model, considering
the effective parameters 7., and 7., and including the space-
charge capacitance C.., is accurate enough for describing the
‘experimental behavior of ultra-high-speed lasers (up to 30
GHz modulation bandwidth). Moreover, HFEI measurements

in the subthreshold regime are a powerful tool for determining
Tesc and Teg, the effective lifetime of carriers in the QW’s,
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when the values of these time constants are comparable.
In this letter we present and evaluate HFEI measurements
for Ing 35Gag g5 As—GaAs MQW lasers with varied p-doping
concentrations in the active region. The current dependence of
the dynamic time constants ('i‘esc*, Tesr, and 7,, a time constant
associated to 7¢,p, and Cg. [4]) 18 determined and discussed.

The lasers used in this study were grown by molecular-
beam-epitaxy on undoped GaAs substrates. A detailed descrip-
tion of the layer sequence, and of the DC and HF properties
of the devices can be found elsewhere [6], [7]. In brief,
the epilayer structure of these devices consists of four 5.7
nm Ing 35Gag.gsAs QW’s separated by 20 nm GaAs barriers,
upper and lower 48-nm-thick GaAs confinement regions, and
Alg gsGag o As cladding layers. Structures with three differ-
ent doping levels were characterized: nonintentionally doped
active region (sample “undoped™); 5 x 10'® cm™3 (sample
“low-doped”) or 2 x 10'® cm™? (sample “high-doped”) 4.5
nm wide Be-doped regions placed above each QW. Lasers
were fabricated with 3- to. 40-pm-wide mesas, and cleaved
to a length of 200 pm. On-wafer measurements of both the
magnitude and phase of the impedance were performed using a
fully calibrated HP 8722A network analyzer up to frequencies
of 40 GHaz. |

The HFEI measurements were analyzed by comparing them
with the theoretical expressions we have previously reported
[4]. We solved the three rate equations for a QW laser with
carrier transport/capture effects and defined the electrical diode
time constant 7, as

To = Teap + ETec (1)

with 7.c = Hg X Cs., [14 the diode dynamical resistance and
£ = Tose/(Tesc + Test) below threshold and ¢ = 1 above
threshold. Neglecting the carrier recombination in the core,

and introducing the approximation Tee. > 7,, wWe obtained the
following expressions for the laser impedance:

Z(w) = Ry x 2 IWT
| (1 +j(d’?'p) 1‘!‘,](4)7_6&
with 1/71 = 1/7eg + 1/ Tese (2)
below threshold and |
. ' 1 9 B 2 5
Z(w) =Ry X Yr W thadll.

(L4 jwry) w2 —w? + jwy
with v = v+ 1/7Tesc. 3)
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Fig. 1. Normalized magnitude of the impedance Mag [Z(f)/Z(0)] as a
function of the frequency, at / = 1 mA and at I = Iy, + 4 mA, for 3
X 200 pum* lasers with the three different doping levels in the active region.
Points ar¢ experimental data and lines are the best fit using the theoretical
expressions described in text.

above threshold. In these equations, w, and v = 1/7.4 +
K/(47?) x w? denote the classical expressions for the relax-
ation oscillation frequency and damping rate in laser diodes,
respectively, and K i1s the damping factor. |

Fig. 1 shows the normalized magnitude of the impedance,
Mag |[Z(f)/Z(0)], below and above threshold, for lasers with
different doping levels. A distinct behavior can be clearly
observed: 1) below threshold, the impedance of the undoped
sample shows an 1nitial drop, almost a plateau, and a second
drop (two real poles and real zero); the impedance of the
high-doped laser has a 20 dB/dec roll-off (a real pole); and
the impedance of the low-doped device shows an intermediate
behavior; 2) above threshold, the impedances of the undoped
and low-doped samples show a resonance peak, at a frequency
corresponding to the relaxation oscillations, while the high-
doped laser has again a real pole in the frequency dependent
impedance. |

These results can be interpreted with the help of (1)-(3)

and considering the differences between the ratio 7eg./7eg for
lasers with different doping levels.

1) Undoped devices: Tes. 18 comparable to 7.g¢ (within
an order of magnitude); (2) shows that 77 # 7.g and
therefore the zero and the poles in the impedance below
threshold lie at different frequencies. Above threshold
expression (3) shows that v; > v, and consequently the
impedance has a peak at w,..

2) High-doped devices: T.g 1s much lower than 7., there-
fore below threshold the zero at 77 and the pole at

'Te}fl lie at the same frequency and cancel out; above
threshold ~; = ~, cancelling out the resonance terms 1n
the numerator and denominator of (3). This yields an
impedance with a single real pole at 7,°* both below
and above threshold.

3) Low-doped devices: t.g 1S lower, but not much lower,

than 7.5. This implies that below threshold the

impedance is an intermediate case between the two cases
previously described; above threshold the resonance
peak can still be appreciated, but with a lower height
than in the case of the undoped device.

The exact small-signal solution of the rate equations for
the magnitude and phase of the laser impedance, including a
series resistance term, was fitted to the experimental results.
As can be observed from the lines in Fig. 1, the fitting quality
at frequencies lower than 20 GHz was very good. At higher
trequencies a model with lumped circuit elements is no longer
valid [8]. The extracted values for 7.g were in good agreement
with those obtained from measurements of the frequency
dependence of the spontaneous emission [9], indicating the
validity of pure electrical measurements for determining the
carrier lifetime of QW lasers. A similar approach for bulk
laser diodes has been recently proposed [10].

Fig. 2 shows the extracted values of 7. for undoped
lasers as a function of the QW carrier density, which was
calculated by integrating the carrier lifetime up to the bias
current, and assuming a 100% injection efficiency. Within
experimental error, the values of 7... for lasers with different
cavity widths lie on a single curve, indicating the validity of
the extraction method. 7.5 Increases with the carrier density
up to a saturation value of =0.7 ns. The observed dependence
of T.sc on the carrier density is attributed to the residual band
bending of the p-n junction at the lower current levels through
a higher tunnel-assisted re-emission rate. The values of 7eqc
for the doped samples can not be directly determined from the
fit of the theoretical impedance to the experimental results,
but the absence of a clear zero in the impedance curves (see
Fig. 1) indicates that 7.5, > 7og. Considering the values of 7.q
obtained for the doped samples from the modulation response
of the spontaneous emission (typically 0.2 ns [9]), this yields
a lower limit for 7.5 of 2 ns. The physical reason producing
this increase of 7., Wwith the p-doping concentration is not yet
well understood, but it can be related to the deeper position
of the electron quasifermi level at threshold in the doped
lasers than in the undoped devices. The extracted values for
Tesc are more than one order of magnitude higher than those
theoretically calculated considering carrier-polar longitudinal
optical phonon interactions [11]. |

Fig. 3 shows the extracted values of 7, as a function
of the current for 3-ym-wide lasers with the three doping
concentrations. The dependence of 7, on the current, cavity
width, and doping level can be well understood considering
(1): 7, arises from two different physical components: the
effective capture time 7.,, and the time constant associated
to the space charge capacitance 7,.. The main dependence of
T, on the current is due to the diode dynamical resistance Ry,
which is proportional to I~!, vanishing 7. at high current
levels. Extrapolating the measured values of 7, to infinite
current we can roughly estimate the value of 7,,, yielding
Teap = 2-5 ps. Our definition for 7.,,, given by the rate
equations in [4], corresponds to the effective capture time
defined 1n [3], 1.e., Teap = Tdif T Tcapo X (KDIE/VQw)g with
Tdif the carrier diffusion time, 7,5, the intrinsic quantum
capture time, V... the core volume and Vow the QW volume.
Assuming that the main component in 7.,, 18 the capture
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Fig. 2. Carrier escape time Tege a5 a function of the carrier density for
undoped lasers with different cavity widths. Line is drawn as a visual aid.
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Fig. 3. Electrical diode time-constant 7, as a function of the drive current
for 3-um-wide lasers with varied doping levels in the active region, Lines are
drawn as a visual aid. The inset shows 7, (/ = 8 mA) as a function of the
cavity width for lasers with high doping level in the active region; the line
1s the best linear fit to the data.

process, this yields 7capo = 0.2-0.5 ps. The increase in 7,
with the doping concentration 1s due to the increased values
of C,. at constant voltage [12] and of £ in (1) for samples
with high doping concentration. Expression (1) can be checked
by comparing the measured values of 7, for samples with
different widths at low bias current [Toe, B Tcap, and hence
Te R
junction area. This has been done in the inset of Fig. 3, where
we have plotted the measured values of 7, at 8 mA for the
high-doped lasers as a function of the cavity width, obtaining
the predicted linear dependence. This result indicates that a
new limitation should be taken into account when designing
p-doped ultra-high-speed QW lasers: the addition of p-doping

Tsc)» and considering that C,. is proportional to the

to the active zone increases the differential gain and decreases
the damping factor K [6], but it also increases the value of
7., Which introduces an additional roll-off into the modulation
response [J]. |

In summary, we have performed and analyzed high-
frequency electrical impedance measurements on high-speed
MQW lasers with varied p-doping levels in the active region.
We have shown that this measurement technique can provide.

valuable information about the time constants associated to

the carrier dynamics. Our results demonstrate that in our laser
structures the ratio 7.ap/7esc 1S much lower than the unity
(~0.001-0.005), and that the addition of p-doping to the
active region produces a substantial increase of the carrier
escape time Teg. (from 0.7 ns for the undoped devices 1o a
value higher than 2 ns for the high-doped lasers).
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