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Abstract— Using a vertical-cavity surface-emitting laser 

(VCSEL) equivalent circuit model based on two carrier rate 
equations to include effects of carrier dynamics, we study the 
impact of carrier transport and capture on the small- and large-
signal modulation response of high-speed VCSELs. The model also 
accounts for parasitics, current-induced self-heating, and gain 
compression. A variation of the effective capture time from 1 to 15 
ps is found to have a large impact on the small-signal modulation 
response, with the 3 dB bandwidth decreasing from 40 to 15 GHz 
and the response transitioning from under-damped to over-
damped. This is primarily due to the increasing low frequency 
parasitic-like roll-off with increasing effective capture time. A 
significant effect on the optical waveforms produced by the 
VCSEL under 56 Gbit/s on-off keying (OOK) non-return-to-zero 
(NRZ) and pulse-amplitude modulation 4 (PAM4) modulation is 
observed, with a short effective capture time leading to horizontal 
eye closure caused by timing jitter (TJ) and intersymbol 
interference (ISI) and a long effective capture time leading to 
vertical eye closure caused by long rise- and fall-times. However, 
for high modulation speed, a short effective capture time is needed 
and the photon lifetime should be set for clear eye opening. We 
also show the impact of the effective capture time on the output 
power vs current characteristics and map the dependence of 
internal temperature, carrier densities, carrier escape and leakage 
rates, and spontaneous recombination rates on current for 
different effective capture times. 
 

Index Terms— Semiconductor lasers, surface-emitting lasers, 
equivalent circuits, semiconductor device modeling, dynamic 
response, charge carrier lifetime, charge carrier density, charge 
carrier processes. 

  

I. INTRODUCTION 
ARRIER dynamics in the undoped region of the separate 
confinement heterostructure (SCH) and the quantum wells 
(QWs) is known to have an impact on the modulation 

response [1] and electrical impedance [2] of QW lasers. This 
includes vertical-cavity surface-emitting lasers (VCSELs) since 
all VCSELs employ QW active regions. However, to what 
extent carrier dynamics in these regions affects the small- and 
large-signal modulation response of VCSELs is not well known 
since it is difficult to control the parameters governing e.g. 
carrier transport in the SCH and carrier QW capture by design. 
This makes an experimental study virtually impossible. 
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Carrier transport and capture in the SCH and QWs is a 
complex process, including the relaxation of injected carriers 
within the band of unconfined states in the SCH region 
embedding the QWs, the diffusive carrier transport along the 
SCH, and the intrinsic capture of carriers into the confined 
states of the QWs [3]. The rate of this process is commonly 
quantified by a carrier effective capture time. Carrier transport 
along the SCH is mainly governed by diffusion [1], with the 
associated speed set by the diffusion coefficients. Relaxation of 
carriers to the ground state of the QWs occurs through LO 
phonon emission [3], carrier-carrier scattering [4], and impurity 
scattering [5]. Therefore, active region design parameters that 
are expected to impact VCSEL dynamics include e.g. the choice 
of materials and associated diffusion coefficients, the length of 
the SCH, and the energy spacing between QW subbands with 
respect to the LO phonon energy. Another important time 
constant is the carrier escape time from QWs which quantifies 
the rate at which carriers confined in the QWs are thermally 
excited back to the continuum of unconfined states in the SCH 
[6]. In addition, time constants related to spontaneous 
recombination in the SCH and the QWs [7], as well as leakage 
of carriers out of the SCH [8], are important for QW laser 
dynamics. 

Carrier transport in SCH and capture in QWs has a direct 
impact on the small-signal modulation response of QW lasers 
[1]. The non-zero carrier effective capture time reduces the 
effective differential gain, which leads to reduced resonance 
frequency and enhanced damping. It also leads to a low 
frequency parasitic-like roll-off, which further reduces the 
bandwidth and enhances damping. 

Here we use our physics-based equivalent circuit VCSEL 
model [9] to study the effects of carrier transport in SCH and 
QW capture on the VCSEL small- and large-signal modulation 
characteristics. The model is based on rate equations, with two 
rate equations for the carriers: one for the pool of unconfined 
carriers in the SCH and one for the pool of confined carriers in 
the QWs. Consequently, the effects of carrier dynamics in SCH 
and QWs are accounted for by the inclusion of all relevant time 
constants: carrier effective QW capture time (τcap), carrier 
escape time from QWs (τesc), carrier leakage time out of SCH 
(τleak), and spontaneous recombination times in SCH and QW. 
The model also accounts for parasitic resistances and 
capacitances from the device layout and for the effects of 
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current-induced device self-heating, and therefore provides 
more realistic data than models neglecting these effects. 

II. VCSEL AND EQUIVALENT CIRCUIT MODEL  
The VCSEL under study is an 850 nm VCSEL with multiple 
strained InGaAs/AlGaAs QWs, a short optical cavity, and 
multiple oxide apertures for capacitance reduction [10]. With a 
7 µm diameter primary oxide aperture and biased at 7.7 mA (the 
nominal bias current) for a current density of 20 kA/cm2, the 
VCSEL exhibits a flat modulation response with a 3 dB 
bandwidth of 28 GHz at 25°C. In the following study, where we 
use the VCSEL equivalent circuit to quantify the impact of τcap 
on the VCSEL small- and large-signal modulation response, all 
simulations are done at an ambient temperature of 25°C. 

The model, as mentioned earlier, accounts for the effects of 
carrier dynamics in the SCH and QWs, device electrical 
parasitics, and current-induced device self-heating, in addition 
to the intrinsic carrier-photon interaction in the QWs through 
stimulated emission with gain compression included. Several 
key VCSEL parameters are affected by the increasing internal 
device temperature with current. The model accounts for their 
temperature dependencies. This includes e.g. the resonance 
(lasing) wavelength, optical gain, spontaneous recombination 
parameters, internal optical loss (free carrier absorption), 
electrical resistances, and device thermal impedance, with 
temperature set by the ambient temperature and various self-
heating effects [11], [12]. Escape of carriers from the QWs and 
leakage of carriers out of the SCH is treated using a thermionic 
emission model. Therefore, the escape and leakage times are 
strongly dependent on temperature and QW and SCH carrier 
densities, respectively. A detailed description of the model is 
presented in [9]. Contrary to the escape and leakage times, τcap 
is assumed temperature independent. This is an approximation, 
but is for the purpose of this study a fair assumption, since at 
the biasing point at which the large-signal simulations are done 
the differences in internal temperature between different τcap is 
small, meaning that the results are qualitatively valid. 

A τcap of 7 ps was found to most accurately reproduce the 
measured DC, RF, and large-signal modulation characteristics 
[9]. We refer to this as the nominal carrier effective QW capture 
time. The intrinsic carrier QW capture time is expected to be 
around 1 ps at room temperature [3]. However, the intrinsic 
carrier QW capture time is enhanced by the ratio of the volume 
of the SCH and the total QW volume [1], which in our case is 
3.7. The time representing diffusive transport along the SCH 
adds to this, rendering a τcap of 7 ps reasonable.  

The rate equations used in the VCSEL model for the two 
carrier reservoirs and one photon reservoir are presented in [9], 
but are listed here for convenience: 

 
𝑑𝑑𝑛𝑛𝐵𝐵
𝑑𝑑𝑑𝑑

= 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑖𝑖𝑠𝑠𝑠𝑠,𝐵𝐵 − 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ,     (1) 

𝑑𝑑𝑛𝑛𝐴𝐴
𝑑𝑑𝑑𝑑

= 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑖𝑖𝑠𝑠𝑠𝑠,𝐴𝐴 − 𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑖𝑖𝑠𝑠𝑠𝑠,          (2) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑖𝑖𝑠𝑠𝑠𝑠 + 𝑖𝑖𝑠𝑠𝑠𝑠 − 𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑖𝑖𝑏𝑏𝑏𝑏 − 𝑖𝑖𝑡𝑡𝑡𝑡,         (3) 

 
where 𝑛𝑛𝐵𝐵 is the number of carriers in the SCH, 𝑛𝑛𝐴𝐴 is the number 
of carriers in the QWs, and 𝑆𝑆 the number of photons in the 

resonator. The currents represent carrier and photon change 
rates [1/s], where 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  represents the carriers injected into the 
SCH, 𝑖𝑖𝑠𝑠𝑠𝑠,𝐵𝐵 the SCH spontaneous carrier recombination, 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐 the 
capture of carriers into the QWs, 𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒  the escape of carrier out 
of the QWs, 𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  the leakage of carriers out of the SCH, 𝑖𝑖𝑠𝑠𝑠𝑠,𝐴𝐴 
the QW spontaneous carrier recombination, 𝑖𝑖𝑠𝑠𝑠𝑠 the QW 
stimulated emission, 𝑖𝑖𝑠𝑠𝑠𝑠 the fraction of QW spontaneous 
emission that couples into the lasing mode, 𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 the loss of 
photons through free-carrier absorption in the doped DBRs, and 
𝑖𝑖𝑏𝑏𝑏𝑏 and 𝑖𝑖𝑡𝑡𝑡𝑡 the bottom and top DBR transmission losses, 
respectively.  

The model does not account for any transverse spatial effects, 
and therefore assumes uniform bandgap and temperature 
profiles, as well as uniform current injection across the active 
area. 

III. SIMULATIONS 
In the simulations, we have varied τcap from 1 to 15 ps to 
quantify the impact of carrier transport in SCH and capture in 
QWs on the modulation response under small-signal 
modulation and the optical waveforms generated by the VCSEL 
under 56 Gbit/s on-off keying (OOK) non-return-to-zero (NRZ) 
and pulse-amplitude modulation 4 (PAM4) large-signal 
modulation. DC simulations have also been performed to study 
the impact on the static characteristics. 

 The simulations were performed using the Cadence Spectre 
simulator, in a Cadence Virtuoso view implementation. We 
made use of a Verilog-A-implementation of the large-signal 
equivalent circuit VCSEL model presented in [9]. The input 
circuit for the simulations contains an effectively ideal bias-tee. 
Through this bias-tee, the VCSEL-model is biased with a 
current source and either driven with a pseudorandom binary 
sequence-7 (PRBS-7) voltage signal for the large-signal 
simulations or a standard port for the S-parameter simulations, 

 
Fig. 1.  Optical output power (a) and internal temperature (b) vs bias current, 
for different carrier effective QW capture times. Symbols indicate the rollover 
points. 
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both of which are disabled while performing the DC 
simulations. 

In all figures, results are presented for a τcap of 1, 5, 10 and 
15 ps. We have chosen these values because our nominal τcap is 
7 ps, meaning that 15 ps should represent a relatively long 
carrier effective QW capture time using the VCSEL design and 
parameters described in [9]. As aforementioned, 1 ps is at room 
temperature an estimate of the intrinsic carrier QW capture time 
[3], suggesting that we cannot go lower even if limitations by 
carrier diffusion and relaxation were eliminated, thus making 
this our lower limit. 

Fig. 1 (a) and (b), respectively, show the VCSEL optical 
output power and internal temperature as a function of bias 
current. From (a) it can be observed that a change of τcap does 
affect the power-current characteristics at high currents. The 
threshold current and the slope efficiency at low current are 
essentially unaffected while the maximum power and the 
associated rollover current are reduced with increasing τcap. 
From (b) we observe stronger self-heating with longer τcap due 
to increased SCH spontaneous recombination and leakage rates, 
caused by a higher SCH carrier density (see next paragraph). In 
Figs. 1-3, the rollover points are indicated by symbols. 

Fig. 2 (a) and (b), respectively, show the SCH and QW 
carrier density vs bias current. The QW carrier density at 
threshold is unaffected by variations of τcap, which explains the 
constant threshold current (Fig. 1 (a)). With increasing current 
above threshold, there is a slow increase of the QW carrier 
density, although being clamped by stimulated emission. This 
is due to stronger gain compression with increasing photon 
density. On the other hand, the SCH carrier density, which is 
not clamped, increases rapidly with current above threshold at 
a rate that depends on τcap. A shorter τcap will empty the SCH 
carrier reservoir at a faster rate, while a longer τcap will do this 
at a slower rate, hence leading to a faster increase of the SCH 
carrier density with current. 

Fig. 3 (a)-(c), respectively, show the time constants for 
carriers escaping from the QWs (τesc), carriers leaking out from 
the SCH (τleak), and carriers spontaneously recombining in the 
QWs as a function of current. All time constants show the 
expected behavior, e.g. decreasing with current due to an 
increase of both QW and SCH carrier densities. We note that at 
the nominal bias current of 7.7 mA, τesc (≈ 55 ps) is about an 
order of magnitude higher than τcap and that the QW 
spontaneous recombination time (≈ 720 ps) is yet another order 
of magnitude higher. From Fig. 3 (b), we also note that rollover 
in output power occurs when τleak approaches 200 ps, 
independent of τcap. This shows that rollover in output power is 
caused primarily by increasing carrier leakage from SCH with 

 
Fig. 3. Time constant for carrier escape from QWs (a), leakage out of SCH (b) 
and spontaneous recombination in QWs (c) vs bias current, for different carrier 
effective QW capture times. Symbols indicate the rollover points. 

 
Fig. 2.  Carrier density in SCH (a) and QW (b) vs bias current, for different 
carrier effective QW capture times. Symbols indicate the rollover points. 
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increasing internal device temperature, in agreement with 
previous observations [8]. Because of the increasing SCH 
carrier density with increasing τcap (Fig. 2 (a)), rollover in 
output power occurs at a lower internal device temperature (Fig. 
1). This is consistent with the thermionic emission model used 
for carrier leakage. 

An important parameter introduced in [1] is the transport 
factor (χ), which is defined as  
 

𝜒𝜒 = 1 + 𝜏𝜏𝑐𝑐𝑐𝑐𝑐𝑐
𝜏𝜏𝑒𝑒𝑠𝑠𝑠𝑠

.           (4) 
 

This parameter modifies the classical equations for the current 
dependence of the small-signal resonance frequency (fr), 
damping rate (γ), and the associated K- and D-factors, according 
to [1], 
 

𝑓𝑓𝑟𝑟 = 𝐷𝐷 ∙ �𝐼𝐼 − 𝐼𝐼𝑡𝑡ℎ,         (5) 

𝐷𝐷 = 1
2𝜋𝜋
∙ �

𝜂𝜂𝑖𝑖𝛤𝛤𝜈𝜈𝑔𝑔
𝑞𝑞𝑞𝑞𝑎𝑎

∙ (𝜕𝜕𝜕𝜕/𝜕𝜕∆𝑛𝑛)
𝜒𝜒

 ,      (6) 

𝛾𝛾 = 𝐾𝐾 ∙ 𝑓𝑓𝑟𝑟2 + 𝛾𝛾0,          (7) 

𝐾𝐾 = 4𝜋𝜋2 �𝜏𝜏𝑝𝑝 + 𝜀𝜀∙𝜒𝜒
𝜈𝜈𝑔𝑔(𝜕𝜕𝜕𝜕/𝜕𝜕∆𝑛𝑛)

�,     (8) 

𝛾𝛾0 = 1
𝜒𝜒𝜏𝜏𝑛𝑛

,             (9) 
 
with all parameters defined in [1]. With χ being equal to or 
exceeding one (when τesc approaches τcap), (6) and (8) show that 
the transport factor can reduce the effective differential gain, 
which leads to a reduced resonance frequency and an increased 
damping rate. Fig. 4 plots the transport factor according to (4). 
With τesc ≈ 55 ps at 7.7 mA, χ attains a maximum value of ~1.3 
for τcap = 15 ps, which reduces the resonance frequency by 
about 10%. The impact on damping is expected to be less since, 
for high-speed VCSELs, the K-factor is typically dominated by 
the photon lifetime (τp) [13]. 

Fig. 5 shows the VCSEL small-signal modulation response 
(magnitude of S21) versus frequency at 7.7 mA bias current for 
the different τcap. Consistent with the predictions regarding the 
resonance frequency, a ~10% reduction is observed when τcap 
is increased from 1 to 15 ps. However, with increasing τcap, a 
more damped response than predicted by a reduction of the 
effective differential gain is observed. This is due to the 
enhanced low frequency parasitic-like roll-off with increasing 

τcap. With τcap increasing from 1 to 15 ps, the 3 dB bandwidth is 
reduced from 40 to 15 GHz and the response transitions from 
being under-damped to critically damped and over-damped. 
This shows that τcap can indeed be a limiting factor for the 
modulation response and bandwidth of VCSELs and ultimately 
the maximum error-free data rate. 

Fig. 6 shows the simulated large-signal modulation response 
(represented by eye diagrams) under OOK (NRZ) and PAM4 
modulation with τcap varying from 1 to 15 ps. The peak-to-peak 
modulation voltage used is 380 and 900 mV for OOK and 

 
Fig. 5.  Magnitude of S21 response (normalized) vs frequency, for bias currents 
1 to 10 mA in steps of 1 mA, with the 8 mA line clarified with cross symbols 
for comparison with the large-signal simulations, for carrier effective QW 
capture times 1 ps (a), 5 ps (b), 10 ps (c) and 15 ps (d). 
 

 
Fig. 4. Transport factor vs carrier escape time from QWs, for different carrier 
effective QW capture times. 
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PAM4, respectively. The VCSEL is biased at the nominal 
current of 7.7 mA. An analysis of the eye diagrams shows that 
the increased damping and reduced bandwidth with increasing 
τcap has a large impact on the quality of the optical waveforms, 
with increasing vertical eye closure due to longer rise- and fall-
times. On the other hand, the under-damped response with a 
very short τcap results in excessive timing jitter (TJ) and 
intersymbol interference (ISI), leading to horizontal eye closure 
as clearly observed for the OOK modulation format. The effect 
is less pronounced for the PAM4 format due to the more 
complex multi-level transitions with inherently stronger ISI.   

The effects observed when varying τcap are similar to those 
observed when varying the photon lifetime [14][15], with a 
short photon lifetime producing an under-damped response and 
a long photon lifetime producing a damped response. 
Therefore, for a given τcap, the photon lifetime can adjusted for 
a flat and high bandwidth small-signal modulation response 
with clear eye opening under large-signal modulation at high 
data rates. This is most easily achieved by adjusting the 
reflectivity of the top-DBR [13]. A more damped response (by 
longer τcap or longer τp) is generally beneficial for PAM4, as 
can be seen in Fig. 6 and in agreement with previous studies 
[15], since multi-level modulation formats are less immune to 
dynamic nonlinearities. In the model used [9], the value of τp, 
determined by the rates at which photons are transmitted 
through the DBRs and lost by free-carrier absorption in the 
doped DBRs, is 3.9 ps at 7.7 mA, and hardly varies with τcap.  

The damping of the modulation response is also affected by 
parasitics and the current at which the VCSEL is biased. Larger 
resistances and capacitances lead to stronger low-pass filtering 
of the modulation current, which dampens the response and 
reduces the bandwidth. A more damped response can also be 
achieved by biasing at a higher current. However, a higher 
current may have a negative impact on reliability and for any 
VCSEL current should be limited to meet lifetime 
requirements. 

Finally, we note the great uncertainty regarding the actual 
τcap for a given QW laser design under given operating 
conditions [1]. In our equivalent circuit model [9], the value of 
τcap that reproduces the measured DC, RF, and large-signal 
modulation behavior is to some extent affected by the choice of 

other parameters defining the circuit elements. Therefore, the 
results from this study should be used to gain insight into the 
general dependence of VCSEL performance on τcap and to 
highlight the importance of this parameter, rather than 
considering specific values of τcap. 

IV. CONCLUSION 
Since carrier transport in SCH and capture in QWs are known 
to affect the high-speed modulation behavior of QW lasers, 
including VCSELs, and since it is next to impossible to 
experimentally study the impact of τcap on VCSEL dynamics, 
we have examined these effects using our large-signal 
equivalent circuit VCSEL model. 
 The simulations confirm logical assumptions of a longer τcap 
reducing VCSEL bandwidth, primarily through an enhanced 
low frequency parasitic-like roll-off in the small-signal 
modulation response. With an increase of τcap from 1 to 15 ps, 
the small-signal modulation bandwidth is reduced from 40 to 
15 GHz while the small-signal modulation response transitions 
from being under-damped to over-damped. This has a 
significant effect on the optical waveforms produced by the 
VCSEL under large-signal OOK and PAM4 modulation, with 
a short τcap leading to horizontal eye closure caused by TJ and 
ISI and a long τcap leading to vertical eye closure caused by long 
rise- and fall-times. On the other hand, to reach the highest 
possible modulation speed, a short τcap is needed and the photon 
lifetime should be set to balance the effects of τcap and τp for a 
high-bandwidth, critically damped response. 
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