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This work experimentally investigates the impact of
p-doping on the relative intensity noise (RIN) proper-
ties and subsequently on the modulation properties of
semiconductor quantum dot (QD) lasers epitaxially grown
on silicon. Owing to the low threading dislocation den-
sity and the p-modulation doped GaAs barrier layer in
the active region, the RIN level is found very stable with
temperature with a minimum value of −150 dB/Hz. The
dynamical features extracted from the RIN spectra show that
p-doping between zero and 20 holes/dot strongly modifies
the modulation properties and gain nonlinearities through
increased internal losses in the active region and thereby
hinders the maximum achievable bandwidth. Overall, this
Letter is important for designing future high-speed and low-
noise QD devices integrated in future photonic integrated
circuits. ©2020Optical Society of America

https://doi.org/10.1364/OL.395499

Due to their atom-like discrete energy levels, quantum dot
(QD) lasers epitaxially grown on silicon are regarded as an
excellent candidate to achieve energy and cost-efficient optical
transceivers due to their outstanding properties such as high
temperature stability, low threshold lasing operation, ultra-
low frequency noise, high feedback tolerance, as well as low
linewidth enhancement factor (αH -factor) [1–4]. However,
inhomogeneous broadening, enhanced nonlinear gain, as well
as the population of carriers in the excited state are considered
as the main limiting factors for the high-frequency response
of QD lasers. To overcome these problems, p-type doping has
been proposed to eliminate gain saturation and gain broadening
due to hole thermalization [5,6]. In addition, the introduction
of p-doping in the QD active region can further reduce the
αH -factor, which is beneficial for isolator-free integration [7].
Furthermore, optical transceivers with low relative intensity
noise (RIN) are highly desired to carry broadband data with a

low bit error rate [8]. In the past few years, RIN values as low
as −160 dB/Hz have been reported in both GaAs-based and
InP-based QD lasers; however, the RIN values are found a bit
higher between−120 dB/Hz and−150 dB/Hz in germanium
and silicon substrate-based QD lasers [9–12]. Further improve-
ment is envisioned by reducing the carrier noise originating
from the ground and excited states or by increasing the energy
interval between the quantum confined levels, which are even
more suitable for low-intensity noise operation [13]. This Letter
investigates the effect of p-doping on the RIN properties of QD
lasers epitaxially grown on silicon. These experimental results
show that the RIN level is very stable with temperature rang-
ing from 15◦C to 35◦C for p-doped QD lasers. The minimal
RIN values have been achieved between −140 dB/Hz and
−150 dB/Hz for doping levels between zero and 20 holes/dot
in the active region. In addition, dynamic properties are then
extracted from the RIN spectra instead of using the laser’s
modulation response [8]. To this end, our results suggest an
optimum doping level of 20 holes/dot for which the inverse of
carrier lifetime, K -factor, and maximum modulation band-
width are all improved, although at the price of a higher gain
compression due to the increased internal losses.

The QD laser was grown on a GaP/Si template. The active
region contains five periods of QD layers, each separated by a
37.5 nm GaAs spacer that includes 10 nm of p-type material.
For p-modulation doped QD lasers, the 10 nm p-GaAs layer is
doped with a target hole concentration of 0, 0.5× 1018 cm−3,
and 1× 1018 cm−3. These doping concentrations corre-
spond to zero, 10, and 20 extra holes per QD [14], labeled as
devices A, B, and C, respectively, and listed in Table 1. Further
details of the epitaxy growth are available elsewhere [15]. The
Fabry–Perot (FP) cavities of the lasers are measured at similar
lengths, 1.1 mm for the undoped devices and 1.35 mm for the
p-doped devices, with 4µm wide ridges deeply etched (through
the active region), and two top contacts for electrical injec-
tion. The cavity facets are asymmetrically coated with power
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Table 1. Static and Dynamic Characteristics of the
Silicon-Based Undoped and p-Doped QD Lasers

Device A B C

Doping (cm−3) 0 0.5× 1018 1.0× 1018

Holes per QD 0 10 20
Ith(mA) 13 23 39
J th(A/cm2) 296 426 722
K(ns) 4.7 1.7 1.5
γ0(GHz) 1.5 3.0 5.2
τc(ns) 0.7 0.3 0.2
f3dB,max(GHz) 1.9 5.2 5.9
εp(mW−1) 0.15 0.27 0.40
εS(cm3) 5.7× 10−16 1.0× 10−15 1.5× 10−15

Fig. 1. Light current characteristics of the QD lasers under study.

reflectivity of approximate 60% and 99% on the front and rear,
respectively.

Figure 1 depicts the evolution of light current characteris-
tics of the three QD lasers under study. At room temperature
(20◦C), the threshold current (Ith) for the undoped laser is
13 mA, while it increases from 23 mA (laser B) to 39 mA (laser
C) with the increase in p-doping. The higher threshold of the
p-doped lasers is due to the increased optical loss by high free
carrier absorption that results from a large number of holes in
the dots [16,17]. This high threshold current can be reduced
by applying high-reflectivity coatings to both facets, which
decreases the threshold gain requirements by a reduction in the
mirror losses and hence promotes the low-threshold current
[16]. On the other hand, it is known that the inclusion of p-type
doping can mitigate the thermal spread of holes, leading to a
rather temperature-insensitive threshold current [16,18,19]. All
values of the Ith and the corresponding threshold current density
J th are summarized in Table 1.

Figure 2 shows the experimental setup for the measurement
of the RIN. The silicon-based QD laser is pumped by a DC
current source, while the device temperature is kept constant at
20◦C using a thermo-electric cooler. The laser emission is cou-
pled into a lensed fiber, and then the optical signal is converted
into the electrical domain through a low-noise photodiode
with a bandwidth of 10 GHz. The DC voltage is measured by a
voltage meter through the DC monitor port of the photodiode,
while the AC signal is amplified by a broadband amplifier with

Fig. 2. Experimental setup used for investigating the RIN of
QD lasers.

a typical small-signal gain of 30 dB. In the end, the amplified
noise spectrum is measured on an electrical spectrum analyzer
(ESA). The intrinsic laser noise SLaser can be expressed as

SLaser = STotal − SThermal − SShot, (1)

where STotal is the total noise measured by the ESA, SThermal is the
thermal noise independent of the optical power and determined
when the laser is turned off, SShot is white noise determined by
SShot = 2q IDC RL with q the elementary charge, IDC is the DC
current, and RL is the load resistance of the ESA. Overall, the
RIN of the lasers can be recast as follows:

RIN= 10 log10

[
(STotal − SThermal)/(RBW× G)− SShot

PDC

]
,

(2)
with PDC the electrical DC power, RBW the resolution band-
width (200 kHz) of the ESA, and G the gain of the experimental
setup including the amplifier, which is measured by the vector
network analyzer (VNA). In order to ensure good accuracy,
the RIN of a commercial quantum well (QW) is first mea-
sured, which is consistent with its RIN value of−138 dB/Hz at
10 GHz [20].

Figure 3 shows the measured RIN of the three tested QD
lasers, which are extracted using Eq. (2). The RIN spectra are
measured at various bias currents depending on their threshold
currents. However, for better comparison, the three RIN spectra
are measured for the same coupling power corresponding to
the maximal limit of the photodiode (0.72 mW). The RIN
at low frequencies is relatively high, resulting from the bias
current noise, thermal noise, as well as mode partition [11],
and it reduces with the increasing frequency and saturates
at higher bias currents. The minimal RIN level is achieved
between −140 dB/Hz and −150 dB/Hz in both undoped
and p-doped lasers, which is also in agreement with results in
Refs. [12,21]. The epitaxial defects in QD lasers accelerate the
Shockley–Read–Hall (SRH) non-radiative recombination
rate, which induces stronger photon variations and higher RIN
compared with native QD lasers. Meanwhile, the fast non-
radiative recombination shortens the total carrier lifetime and
hence enhances the damping factor and decreases the relaxation
oscillation frequency [22]. Figure 4 illustrates the averaged RIN
values between 1 GHz and 4 GHz as a function of temperature
ranging from 15◦C to 35◦C with a step of 5◦C for undoped
laser A and for p-doped laser B. For each temperature, the
RIN values correspond to those taken at the same bias current,
hence 90 mA for the undoped QD laser against 70 mA for the
p-doped one. As shown in Fig. 4, the RIN values maintain the
same level within the temperature range for the p-doped laser
because the threshold current is rather constant with tempera-
ture. On the contrary, the RIN of the undoped laser increases
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Fig. 3. RIN spectra up to 10 GHz for QD lasers A, B, and C,
respectively.

from −140 dB/Hz at 15◦C to −134 dB/Hz at 35◦C. The
p-doping can further improve the thermal performance with
continuous-wave operation up to 105◦C [23].

Moreover, Fig. 3 also shows that the RIN spectrum of
undoped laser A exhibits a strong resonance peak at around
1 GHz, and it increases with the bias current as expected. At
higher biases, the resonance peak vanishes at around 2 GHz,
hence suggesting that the QD lasers are overdamped due to
a large damping factor. On the other hand, p-doped lasers B
and C exhibit a resonance frequency peak until higher biases,
which results from an underdamping behavior due to a smaller
damping factor.

In what follows, both the relaxation oscillation frequency
(ROF) and damping factor are extracted from the curve-fitting
of the RIN spectrum through the expression [8]

Fig. 4. Averaged RIN values between 1 GHz and 4 GHz as a func-
tion of temperature ranging from 15◦C to 35◦C with a step of 5◦C for
QD lasers A and B.

Fig. 5. (a) Measured damping factor (γ ) as a function of the squared
relaxation oscillation frequency ( f 2

RO) for the QD lasers under study.
(b) K -factor and inverse differential carrier lifetime (γ0) versus the
doping level.

RIN(ω)=
a + bω2

(ω2 −ω2
RO)

2
+ γ 2ω2

, (3)

withωRO the angular ROF, γ the damping factor,ω the angular
frequency, and a and b coefficients used for the curve fitting. All
dynamical parameters are summarized in Table 1. Figure 5(a)
shows the damping factor as a function of the squared ROF
for the three QD lasers, respectively. The evolution is linear
following the relationship γ = K f 2

RO + γ0 with K -factor, γ0
is the damping factor offset associated with the inverse of the
differential carrier lifetime (τc ), and fRO is the ROF. Figure 5(b)
depicts the evolution of the K -factor and γ0 extracted from the
curve fitting as a function of the doping level. The K -factor
decreases with the p-doping level from 4.7 ns (laser A) to 1.5 ns,
the latter value corresponding to the optimum p-doping of
20 holes/dot (laser C), whereas γ0 increases from 1.5 GHz to
5.2 GHz. The damping factor offset γ0 is quite important at
low powers where the ROF is small, while for larger resonance
frequencies, the K -factor usually describes the damping of the
response, which can be used to evaluate the maximum 3 dB
bandwidth ( f3dB,max) from the following equation:

f3dB,max =
2
√

2π

K
. (4)

As expected, the calculated f3 dB,max is 1.9 GHz for the
undoped laser, which can be further increased to 5.9 GHz for
the optimum p-doping level of 20 holes/dot. These results
are consistent with previous works that showed that p-doping
improves the maximum modulation bandwidth [18,24,25].
It is worthwhile to note that the obtained K -factors are sim-
ilar to those calculated directly from the damping frequency
fd ∼ εS S/2πτp = 2π/K , with τp the photon lifetime, S the
photon density, and εs the gain compression factor linked to
the photon density [26,27]. Moreover, by varying the temper-
ature, it is worth noting that the K -factor for undoped laser A
is reduced from 4.7 ns at 20◦C to 3.0 ns at 30◦C. By compari-
son, the K -factor remains constant at both 20◦C and 30◦C for
p-doped laser B, hence proving that the QD laser with p-doping
is more stable over temperature [7].

The gain compression in QD lasers limits the modulation
dynamics through adiabatic chirp effects, and it originates from
gain nonlinearities caused by processes such as carrier heating
and spatial and spectral hole burning [28]. In order to extract the
gain compression factor, the evolution of the squared fRO versus



4890 Vol. 45, No. 17 / 1 September 2020 /Optics Letters Letter

Fig. 6. (a) Squared relaxation oscillation frequency ( f 2
RO) versus

the output power (P) for the lasers under study. (b) Gain compression
factor (εS ) versus the doping level.

the output power (P ) is plotted in Fig. 6(a) and curve-fitted
using

f 2
RO =

AP
1+ εP P

, (5)

with εP denoting the gain compression coefficient related to
the output power P and A the modulation efficiency. By curve
fitting the curves, εP is found to increase from 0.15 mW−1

for undoped laser A to 0.40 mW−1 for p-doped laser C. The
gain compression factor linked to photon density (S) can then
be expressed through the relationship εS = εP P/S, where
P = hνVvgαm S, V is the cavity volume, and vgαm is the
energy loss through the mirrors. Taking into account the facet
reflectivity and modal volume of the laser, Fig. 6(b) displays
the calculated εS as a function of the doping level indicating
values in the range from 5.7× 10−16 cm3 to 1.5× 10−15 cm3,
which are in agreement with prior studies [28]. To conclude,
the results show that the maximum modulation bandwidth and
ROF can certainly be improved for doping levels between zero
and 20 holes/dot beyond which no real improvements take place
due to the joint effects of higher induced internal loss and gain
nonlinearities [17,18,29].

To summarize, these experimental results show that the mini-
mal RIN level below 10 GHz is achieved between−140 dB/Hz
and−150 dB/Hz in both undoped and p-doped QD lasers and
that p-doping increases the modulation bandwidth with doping
levels between zero and 20 holes/dot. However, experiments
also show that any further increase in p-doping enhances the
gain compression effect due to increased internal losses, hence
limiting the maximum achievable bandwidth in QD lasers. We
believe that these novel insights are meaningful for designing
future high-speed and low-noise QD devices to be integrated in
future photonic integrated circuits (PICs). Last but not least, the
high damping factor in QD lasers is also an important feature
for isolator-free applications.
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