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Abstract: Due to their low power consumption, high modulation speed, and low cost, vertical-cavity
surface-emitting lasers (VCSEL) dominate short-reach data communications as the light source.
In this paper, we propose a compact equivalent circuit model with noise effects for high-speed
multi-quantum-well (MQW) VCSELs. The model comprehensively accounts for the carrier and
photons dynamisms of a MQW structure, which includes separate confinement heterostructure
(SCH) layers, barrier (B) layers, and quantum well (QW) layers. The proposed model is generalized
to various VCSEL designs and accommodates a flexible number of quantum wells. Experimental
validation of the model is performed at 25 Gb/s with a self-wire-bonded 850 nm VCSEL.
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1. Introduction

The growth of Internet services, such as streaming video, social networking, and cloud computing
has created the fast-growing need for datacenters. Due to their low power consumption [1],
high modulation speed [2], and low cost [3], vertical-cavity surface-emitting lasers (VCSELSs) based
links dominate modern datacenter systems. A lot of development works have been carried out in the
fabrication of VCSELs [4-6]. For these diverse design structures, the number of quantum wells differs.
As the demand for greater capacity increases, the VCSEL has incorporated equalization circuitry,
embedded in drivers through CMOS technology [7,8]. To facilitate VCSEL design, fabrication and
evaluation, an accurate VCSEL model, accommodating the variable quantum well (QW) number,
needs to be built in an electronic-photonic co-simulation platform.

Previous models were proposed to simulate the performance of multi-quantum-well (MQW)
VCSELs [9-11]. In these models, the number of rate equations are proportional to the number of QWs
such that the model cannot be generalized to all VCSEL designs [12,13], and are not suitable for the
system-level simulation of VCSEL-based fiber links. The parameter extraction will also be a significant
challenge in view of the extremely large number of parameters. In addition, these models do not
account for noise effects, which are significant for assessing the transmission performance.

In this paper, we propose a versatile compact equivalent circuit model with noise effects for the
MQW VCSEL. The proposed model accommodates a flexible number of quantum wells (QW’s), which
provides the freedom to simulate an arbitrary VCSEL in the system-oriented opto-electronic simulation
platform. The model is developed in the commercial Cadence tool suite, a schematic-driven tool for
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CMOS electronic integrated circuit design. The paper outline is as follows. Section 2 explains the VCSEL
parasitic circuit model, which determines the small-signal response. In Section 3, the carrier and photon
dynamisms are analyzed for the structure including separate confinement hetero-structure layers,
barrier layers, and quantum well layers. In the QW layer, the carriers have two states: the confined
state inside the quantum well and the unconfined state above the quantum well. In Section 4, based on
the VCSEL structure analysis, we obtain a set of rate equations for the MQW VCSEL. After that,
a versatile compact rate equation set is obtained, with a significant reduction in the number of equations.
Laser intensity noise is expressed based on the Markovian assumption and added to the compact
rate equations. In Section 5, the rate equations with noise terms are translated into the corresponding
equivalent circuit equations. The equivalent circuit model for the MQW VCSEL is realized. In Section 6,
the accuracy of the proposed VCSEL model is validated using a self-wire-bonded 850 nm VCSEL.
In Section 7, we present a summary and then, conclude.

2. VCSEL Structure and Dynamism Analysis

Although designs and materials, used for the VCSELS, are not totally the same, these VCSELSs have
one typical common structure, as shown in Figure 1a. Two multi-layered Bragg reflectors are located
at the top of the p-doped region and at the bottom of the n-doped region, with the high-index layer
and low-index layer alternating. Constructive interference is caused by the reflections at the interface
between the high-index and low-index layers for the reflective wave around the Bragg wavelength,
and the multiple layers act as a mirror to improve optical gain [14]. The oxide layer, with a specific
aperture size, transversely confines carriers to the active region. The p-doped and n-doped regions
provide carrier injection for the active region between them.
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Figure 1. (a) Cross-sectional schematic of a MQW VCSEL. (b) The active region of the VCSEL
represented by a MQW-SCH-G-B band diagram. The subscript of SCH, QW, G, B represents the position
of the corresponding layer. (c) The carrier and photon dynamics in the first QW are illustrated. The red
and green solid lines represent the conduction and valence band edges, respectively. The black dash
line represents the energy state in the quantum well.

The active region consists of separate confinement heterostructure (SCH) layers, barrier (B) layers,
and quantum well (QW) layers, detailed in Figure 1b. The SCH1 layer is adjacent to the n-doped region,
while the SCH2 layer is adjacent to the p-doped region. The barrier layers are sandwiched between
two adjacent QW layers and have a larger energy bandgap than the QWs. Conventionally, the QWs of
850 nm VCSELSs are fabricated using GaAs. However, InGaAs QWs increase the differential gain, which
is advantageous to reach higher speeds [15]. In QW layers, carriers have two states: an unconfined
state and a confined state. The confined state indicates the carriers are confined at the bottom of the
wells and no longer free to move in three dimensions. The carriers in the unconfined state (also referred
as the gateway (G) state) are free to move in three dimensions and occupy energy higher than the
carriers in the confined state at the bottom of the well [16]. Therefore, the gateway state can be viewed
as an intermediate state for carriers originating from either a SCH or barrier layer. The MQW-SCH-G-B
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structure is widely adopted for 850 nm VCSEL devices [12,13]. In [12], the VCSEL performance
investigation uses a 7-nm-thick GaAs MQWs separated by 8-nm-thick Aly3Gag 7As barriers.

The dynamic behavior of the VCSEL is determined by the carrier and photon dynamism illustrated
in Figure 1c. The carriers are injected into the active region due to the injection current. Then, carriers
drift with applied electric field between the top and bottom contacts (Figure 1a) and diffuse from carrier
concentration gradient between the n-doped and p-doped regions. Carrier movements between the
two energy bands are labelled capture when the carrier moves to a lower bandgap region, and escape
when it jumps to a higher bandgap region. Tunneling is the quantum process, where a carrier penetrates
through a barrier region, facilitating a carrier motion between adjacent QW regions. Photons are
generated via stimulated emission involving an electron-hole recombination.

3. Parasitic Circuit

A complete VCSEL model includes the extrinsic parasitic circuit description and the intrinsic
rate-equation-based model. The parasitic circuit originates from the cavity structure explained in
Section 2 and determines the small-signal response. The rate-equation-based model reflects the
variation in the number of carriers and photons inside the active region.

The complete parasitic circuit model is shown in Figure 2a. The contact pads introduce resistance,
capacitance and inductance to the parasitic circuit. Cp is the capacitance between the contacts,
the resistance Rp represents the contact pad loss, and Lp is the inductance induced by the contacts.
The resistance Rt and Rb model the top, and bottom Bragg reflectors, respectively. The oxide layer
capacitance, Cox, is in series with the junction capacitance, Cj. The resistance of the active region, Ra,
is parallel with the series connection of Cox and Cj. The time-varying current flowing through Ra
serves as the input to the rate equation model. In Figure 2b, we simplify the parasitic circuit for further
circuit analysis and modeling. The series connection of Cox and Cj leads to Ca, and the combination of
the top and bottom Bragg reflector resistances leads to Rm.
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Figure 2. (a) The complete parasitic circuit of the VCSEL; (b) the simplified parasitic circuit model.

Based on Figure 2b, the input impedance of the parasitic circuit is expressed as,

Zin(f) = (((] . 27Tf-Cp)_1 +RP)_1 + (]‘.an~Lp + Ry + (]'-an.Ca + Ru—l)—1)—1)_1 (1)

where f is the frequency of the modulation signal and j is the imaginary unit.
The active region injection current with respect to time ¢, la(t), is expressed in Equation (2),

_ Lye/ - Ziy
Ry + Ry = 02LyCaRy + ja(CaRaRy + L)

La(t) @
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where I, is the amplitude of the time-varying high-speed driving current.

Due to Joule ohmic heating and free carrier absorption loss, the VCSEL self-heating effect leads to
temperature elevation of the laser cavity [17]. The parasitic elements in the active region, Rm, Ra and
Ca, are modelled as the function of the active region temperature, as shown in Equation (3),

F(T) = ag +ay(T = To) + an(T — To)* +a3(T — Tp)* + ay (T — Tp)* 3)

where ag, a1, a5, a3 and a4 are the polynomial coefficients, T is the VCSEL cavity temperature in
Kelvin, and Ty is the relative temperature subtracted from T to reduce the requirement for coefficient
extraction precision.

The active region temperature is expressed as follows due to the self-heating effect,

daT
T =Ty + (IV-P)Rth_TthE 4)

where T,,,,;, is the ambient temperature, V is the device voltage, I is the driving current, P is the output

light power, Ry, is the thermal impedance of the VCSEL, and 74, is the thermal time constant.
Considering the excellent thermal conductivity of the contact pads and relatively large gap between

pads and the active region, it is accurate enough to regard Rp, Cp, and Lp as temperature-independent.

4. Compact Rate Equations

The SCH-QW-G-B bandgap structure in Section 2 is modeled using the set of rate equations
expressing the carrier and photon dynamisms. In this section, the rate equation model describes
the intrinsic behaviors of a MQW VCSEL with more complete carrier and photon dynamisms than
previously reported [18,19]. We first derive the rate equations for the two SCH layers (SCH; and SCH,)
of the active regions. Carriers injected into SCH; make their way to SCH,. The carrier movement
between a SCH layer and an unconfined state in an adjacent QW layer determines the carrier quantity.
In addition, electron-hole recombination in the SCH layer with high carrier density is included.
The variations in carrier numbers with respect to time in the two SCH regions are expressed by the
differential equations below,

dNscr)  Ninjla(t) Nscua)  No)

i RscH(1) — - + - ®)
dNscH()  Douk Nscr@) . No,)
—a& 4 —RscH(2) — . (6)

where Ngcpy) and Rgcpyi) represent the carrier number and the combination rate in SCH; (i = 1)
and SCH, (i = 2). n;4; is the current injection efficiency (dimensionless) and g is the electron charge.
The injection current () is a time-varying high-speed signal, and Ije is the leakage current. Ng)) is
the unconfined carrier number in the gateway state of the QW layer, where the subscript j denotes
the gateway state in the jth QW layer counting from the bottom of the active region (in Figure 1b).
The number of gateway states in the active region is the same as the number of QWs (denoted as 1y,),
therefore 1 <j < ny. 1p is the effective carrier transport time between a SCH or barrier layer and its
adjacent gateway state.

Next, the gateway rate equations for the carriers are derived. In the first gateway state (at
the bottom of the active region in Figure 1b) and the last gateway state (at the top), the following
effects are considered: the carrier exchange with the adjacent SCH or barrier layer, the electron-hole
recombination, and the carrier exchange with the confined states within the QW layer. Equation (7)
represents the rate equation for the unconfined carriers in the bottom QW layer (j = 1),

dNG)  Nsch() _ 2Ng) N Np1) N Nwa)  Nea)

R 7
dt (39 (39 D Tesc Teap ¢ @)
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where Np(1) is the carrier number in the bottom barrier layer, Ny (1) and Rg(1) are the confined carrier
number and the recombination rate of the unconfined carriers in the bottom QW layer, respectively.
Tese and Tqp are the QW carrier escape, and capture lifetimes, respectively. The rate equation for
unconfined carriers in the top QW layer is expressed in (8),

dNG(n,)  Nsch(2) = 2NG(n,) + Np(n,-1) N Nw(,)  Na(ny)

- -R 8
dt D Tesc Teap G (o) ®)

where the subscript 1, represents the top layer. For gateway states in the other QW layers (i.e, 2 <j <
ny-1) which are adjacent to two barrier layers, the rate equation is expressed by Equation (9):

dNc(j) _ Np(j-1) ~2Nag(;) + Np(j) L) Neg)

Rgiiy, 2<j<ny -1 9
dt (35] Tesc Teap ¢ J “ ©)

Similarly, in the barrier layer, we consider the carrier exchange between the barrier layer and the
two adjacent gateway states as well as the electron-hole recombination using Equation (10),

dNB(y N ~ 2NB k) N NG(k+1)

—Rpgy, 1<k<ny -1 10
dt (9)) D D B(k) v (19
where Rpy) is the recombination rate in the kth barrier layer.
For confined carriers by the quantum wells, the dynamisms, such as carrier capture/escape,
quantum tunneling, spontaneous and stimulated emissions, and recombination, are accounted.
The following equation represents the rate equation for confined carriers in the first QW layer,

dNwa)  Nga) Nwq) Nw) = Nw(o)

- -R -
dt Teap Tesc wa)

. - Z)8rw(1) GW(USW(U (11)
tun
where Sy (1) represents the photon number in this QW layer. 1y, is the tunneling time, and v is
the group velocity of the lasing medium. Ryy1), I'w(1) and Gy represent the recombination rate,
the optical confinement factor, and the gain coefficient for the confined carriers. The rate equation for
the confined carriers in the last QW layer is expressed as the following,

INW@,)  Nopy)  Nwn) NW (1) = NW (11,1

= —Rw y—
dt Teap Tesc ()

. — 0T Wine) GW(ne)SW(ne)  (12)
tun

where the subscript is replaced to represent the top layer (1,,). The rate equation for confined carriers
in all other QW layers is expressed as follows, where the subscript is generalized to j to represent the
jth QW layer:

Nw(j) _ Negp - Nwgy  Nwi- +Nwirn) =2Nwj

it Ty e Thun =~ Rw(j) = velw(j) Gw(j Swij), 2<j <o =1. (13)

Finally, Equation (14) accounts for the photon number generated in the jth QW,

Swi) _ Swi)
dt Tp

+ Rap(j) + 0Tw(j) Gwi(j)Sw(j) (14)

where 7, is the photon lifetime. R,jp(;) represents the rate of electron-hole recombination of the
lasing mode.

The rate equations describing these carrier and photon dynamisms are detailed above. The number
of differential rate equations reaches 4-n,,+1 for a VCSEL where 1y, corresponds to the number of
QWs, leading to a challenging computation complexity. In addition, parameter extraction from
the experimental results is required to simulate and evaluate the performance of the manufactured
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VCSEL. The number of parameters included in the aforementioned equations is relatively large, which
challenges parameter extraction. Furthermore, the proposed rate equations are strongly dependent on
the number of QWs, such that the model cannot be generalized to all VCSEL designs as those in [12,13],
where the numbers of QWs in these designs are quite different. It is, therefore, necessary to manipulate
the rate Equations (5)—(14) to make them independent from the number of QWs. The detailed analysis
of carrier and photon behaviors builds a set of rate equations for their comprehensive dynamisms,
and the inclusion of the gateway states bridges SCH layers and QW layers. Consequently, the issues
mentioned above are overcome by a series of transformations of rate equations.

Combining Equations (5) to (10), Equation (15) below describes the variation in the total number
of unconfined carriers, Ng,

dNg T]injltl — Ljeak N Ng
— = ———-R _——-— 15
dt q Ns o, Tc (15)

where N is the total number of confined carriers inside each a QW. The total number of unconfined
carriers, N, and of confined carriers, N, in all layers are expressed as the following:

Ns =Y Nscuiy+ Yo Nag + Yoy Naggr N= Y, N (16)

The total recombination rate for the unconfined carriers in all layers gives the equivalent
recombination rate as, Ryg, which shows the total number of recombined unconfined carriers per

unit time: . _1
R :Zl 1 Rscri +Z L Raj) +Z (17)

The equivalent escape lifetime 7. is equal to 7., while the equivalent capture lifetime 7, is
expressed as the following:

_ Ng
=1 (18)
cap * Zi’lw NG(]
The confined carrier dynamisms are expressed below by combining Equations (11) to (13),
N = & - N - RN UgGNS (19)
dar Tc  Te

where the photon number S is the total number of photons in QW layers, Ry is the total recombination
rate for the confined carriers, and Gy is the gain coefficient weighted by optical confinement factors.
These can be expressed as the following;:

5= Zj:1 SW(f)’ Ry = ijl R (), GN =3 Z SW( ) (20)

For the photon dynamisms, Equation (21) is derived from the summation of (14) over the QW

position j:
ds S e
Fri —E + Rs +vgGNS, whereRs = Rwﬁ( ) (21)

With respect to Equations (15), (19) and (21), the equation set for the carrier and photon dynamisms
consists of three differential equations, an important reduction in computation for the modeling of a
laser source with MQWs. Assuming each differential equation consumes the same computation time,
the calculation efficiency, defined as the reciprocal of the computation time for the whole equation set,
improves by 3.3-fold for a laser source with three QWs and by 6-fold for five QWs.

The recombination rate terms Ry, Ry and Rs consist of three main types of recombination:
Shockley-Read-Hall (SRH) non-radiative recombination, radiative recombination and Auger
non-radiative recombination. A three-order polynomial based on the ABC model [20] describes
recombination terms, where Ay,, Ay and Ag are SRH recombination coefficients for unconfined
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carriers, confined carriers and photons, By, By and Bg are corresponding radiative recombination
coefficients, and Cy;, Cy and Cs are corresponding Auger recombination coefficients. The expressions
for Ry, Ry and Rg are expressed in Equation (22). Specifically, the radiative recombination dominates
the photon generation, and non-radiative recombination effects are negligible. Therefore, values of Ag
and Cg are set to 0.

Rng = AngNs + BygNs? + CngNs®, Ry = ANN + ByN? + CyN°, Rg = AgN + BsN? + CsN° - (22)

The strong thermal dependence of VCSEL I-P characteristics is mainly attributed to the
temperature-dependent carrier leakage out of the active region [21]. The carrier leakage is represented
by the leakage current Ij,; in Equation (15), which is expressed by a fourth-order polynomial of
temperature in Equation (23). It is worth mentioning that the fourth-order polynomial provides
sufficient parameter fitting accuracy and acceptable computation complexity,

Tieak = bo + b1 (T = To) + ba(T = To)* + b3 (T = To)° + ba(T - Tp)* (23)

where by, by, by, b3, and by are the polynomial coefficients. In the same way as Equation (3), T is
subtracted from T to reduce the requirement for coefficient fitting precision.
The weighted gain coefficient Gy is expressed as follows [22,23]:

~ Go(N—-No)

ON =T @

where Gy is the gain coefficient, ¢ is gain suppression factor, and Ny is the transparency carrier density.

Laser noise is important in the VCSEL model. As such, the noise terms Fyg, Fy, Fs are added
to the right-hand side of Equations (15), (19) and (21), accounting for fluctuation in Ng, N and S.
The noise-inclusive rate-equations are expressed below as Equations (25) to (27):

dNs  Ninjla = lieak N Ng

7:T—R]\]S+;—T—C+FNS (25)
dN N N
— =2 = _Ry-0,GNS+Fn (26)
dt Te  Te
ds S
— = —— + Rs +vgGNS + Fs. (27)
dt Tp

Based on the Markovian assumption that the noise sources have relatively small correlation
time compared to the carrier and photon lifetimes [24,25], Fns, Fy and Fgs satisfy the following
correlation functions,

(Fk(t)F)(t)) = 2Dk 5(t—t') K,] =Ng,N, S (28)

where the angle bracket represents time-average operator, and 6(t) is the Kronecker delta function.
Dy is the diffusion coefficient, described by Equation (29),

N,
DngNs = 7= DNn = RypS+ 2L Dss = RyS; Dsn = Dn,s = —RgS;

(29)
DngN = DNNg = Dng,s = Dsng =0

where Ry, is the spontaneous emission rate, and 7, is the carrier recombination lifetime. With
Equations (28) and (29), Fns, Fn, Fs are mathematically expressed in Equation (30),

FNg = [2DNgNgx1; FN = —+/2Dssx2 + |2(Dn N — Ds s)x3; Fs = /2Ds sx2 (30)
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where x1, xp and x3 are independent Gaussian random variables with zero mean and unitary standard
deviation.

5. VCSEL Equivalent Circuit Model

To realize the hybrid electronic-photonic modeling, the noise-inclusive rate Equations (25)—(27)
are translated into a set of equations describing circuits. The equivalent circuit model is derived based
on these circuit-described equations. To eliminate non-physical solutions of the carrier and photon
dynamisms, Equation (31) is used to ensure that N5 and N are positive values,

r— Vy

)%
Ns = NspqVacte?7, N = NpggVowe?'r (31)

where Nggg and Ngg are the densities of unconfined and confined carriers in thermal equilibrium at
zero bias, and V¢t and Vg are the volumes of the active region and the single QW. V1, V, and Vw are
the thermal voltage, and the voltages across the SCH and QW layers, respectively. The relationship
between the total number of photons S and the optical output power P, is expressed as Equation (32),

S Aty

170 - 2nnctshe (32)

where A is the free space wavelength, 7, is the photon lifetime, 7. is the output power coupling
coefficient, /i is reduced Planck constant, and c is the light speed in free space. By substituting (31) into
(25), Equation (33) is obtained to represent the equivalent circuit for the unconfined carriers in terms of
current variables,

Iy =Ic+Ip—Icy —Ipw + 11 +Irs + I = Irns (33)
where
NseoV, NseoV, v NeoV, NeoV, Vi
Ic = M, Ip = M(EZVT -1), Icw = ‘JEQ—QW, Ipy = QEQ—QW(eZVT -1),
NinjTe NinjTe MinjTe NinjTe
NseoVaer v dV I
I = 9NSEQ Vact Vi g = iRNsr I = M, Iens = LFN5~
2V 1ninj dt Ninj Ninj Ninj

In addition, Equation (34) is derived by substituting (31) and (32) into (26), which represents the
equivalent circuit for the confined carriers in QWs,

Ic+1Ip = Icw + Ipw + I + Iry +Is1 — Ipn (34)
where N 1 GuP
Vo 4V, Ty0
_ TTrQ QW ,2vy =, Igy = LRN/ Is1 = TN °, I = iFN‘
2V 1Ninj dt Minj 2minjnctshe Minj

Substituting (32) into (27), Equation (35) is obtained, describing the equivalent circuit for the

photon dynamism,
Vo Vo

C,— + =Igy +1Igo + 1
P ar R, R2 * 1s2 +1Fs (35)
where:
27 2nnctshe V 2nntshe
P e 0 Te
R,=10Q, C, = —, Vo = /PoRy, Ipo = ———Rs, Isp = v,GNTp——, s = ———Fs.
p p R, 0 olp, IR2 AV, S, 152 = Ug NTpRp FS AV, S

The equivalent circuit schematic is shown in Figure 3, based on Equations (33)-(35). The equivalent
circuit model is realized in the Cadence Virtuoso environment based on the Verilog-A language. As seen
from the mathematical derivations above, I, I, and I} are considered as constant current sources,
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while Ip and Ip,, are regarded as currents passing through a diode with the diode ideality factors
equal to 2. Other current components, Igs, Ir1, Ir2, Is1, Is2, I1, I, Irns, Irs and Ipy, are generated by
time-varying current-controlled current sources. The circuit in the bottom right corner of Figure 3
converts Vg to the practical optical power output, Po. Ry is an arbitrary resistor for completeness of
the closed circuit, and its value does not influence the functionality of the circuit model.

Ia |V
ICDID I(WCDDfle? I, ) ¢ QTIR¢S¢IF¢

e constant C current-controlled voltage-controlled
current source current source < > voltage source

Vo
I CC ) I, I Dw IgY1
-N- diode -} resistor —| I— capacitor =  ground

O

[\

Figure 3. The compact circuit model for carrier and photon dynamisms of the MQW VCSEL.

6. Results and Discussion

The model validation and parameter extraction are divided into two parts: One is for the parasitic
circuit and the other is for the circuits of carrier and photon dynamisms. For parameter extraction
of the parasitic circuit, the S1; data are utilized. For the circuits of carrier and photon dynamism:s,
the measurement results of output optical powers under different bias currents are utilized.

The experimental setup for S;; measurement is shown in Figure 4. A bias-tee is employed to
combine the bias current and the small signal from a high-precision time-domain reflectometer (TDR).
After the bias-tee, an 850 nm VCSEL chip is driven. Sj; data are measured by the TDR module.
The self-wire-bonded VCSEL chip under test is manufactured by II-VI Incorporated.

| TDR Module |
l
e T R,
Bias Tee

Figure 4. The experimental setup for S;; measurement.

The measurement for I-V-P data (I for injection current; V for VCSEL voltage; P for optical power)
is performed automatically using the computer program, and the experimental schematic diagram for
I-V-P measurement is shown in Figure 5. The DC power supply is controlled by a personal computer
(PC) to change the output voltage. A resistor of 462 () is used to protect the VCSEL, which voltage is
recorded by a multi-meter. Therefore, the current passing through the resistor and the VCSEL can be
obtained using Ohm’s law. The fiber couples the light of the VCSEL and is connected to an optical
power meter. The optical power meter data is recorded by a PC. Based on the I-V-P data, the VCSEL
temperatures under different bias currents are obtained using Equation (4) with Ry, =2 X 103 K/W.
It needs to be pointed out that the differential term in the right-hand side of Equation (4) is equal to
zero for the steady state.

The expression for the magnitude of Sq; is shown below based on Equation (1),

Zn(f) Z0

Zn(f) T Zo (36)

H(f) =20-log,|

where Zj = 50 () is the measurement system impedance.
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The values of parasitic electrical elements are extracted using the least squares algorithm.
The mean-square error between the calculated magnitude of S1; by Equation (36) and the measured
data is minimized to determine the optimal value of each element. The extracted values of Cp, Lp
and Rp are given in Table 1, and the polynomial coefficients of Rm, Ra and Ca are given in Table 2
The measured data and the simulation curves of S;; are depicted in Figure 6a. The calculated S;; can

fit the measured data very well.

DC Source l -

=
|

VCSEL ﬂ

Multimeter

OPM

Figure 5. The experimental schematic diagram for I-V-P measurement. The green lines represent the

communications between a PC and measuring instruments; the red lines represent the electrical link;

the yellow line represents the optical link. The DC source, multi-meter and OPM are controlled by PCs,

respectively. DC: direct current; R: resistor; PC: personal computer; OPM: optical power meter.

Magnitude of 311 (dB)

Table 1. Extracted values of Cp, Lp and Rp.

Parameter Unit Value
Cp pF 0
Lp nH 0.86
Rp Q 4

Table 2. Polynomial coefficients of Rm, Ra and Ca.

Parameter Unit ap a ap as ay
Rm Q 280.70 —88.16 10.19 -0.47 0.01
Ra Q -213.34 84.59 -9.06 0.40 -0.01
Ca pF 4.05 -1.24 0.14 -0.01 1.02 x 1074

5
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Figure 6. (a) The magnitude of the simulated and measured S;; under the bias current of 3 mA and

6 mA; (b) measured and simulated I-P characteristics.

10 0of 13



Appl. Sci. 2020, 10, 3865 110f13

Curve fitting of large-signal DC responses is utilized to extract the parameters for the rate equations
which describe the VCSEL electro-optical dynamisms. With the obtained VCSEL temperatures,
the coefficients b0-b4 are extracted by minimizing the sum of the squares of the residuals between
the simulation and measurement results of the leakage current. Ty in Equation (23) is chosen as
300 K. Under steady states, rate equations are simplified into the non-differential nonlinear equations.
The temperature-independent parameters of nonlinear equations are extracted by fitting the I-P curve.
Table 3 presents parameters of the rate equations, which are extracted by curve fitting. The simulated
I-P curve and the experimental result are depicted in Figure 6b, and they match with each other very
well. Based on the extracted parameters in Tables 1-3, the equivalent circuit model is realized in
Cadence Tool Suits (Virtuoso Environment 5.10.41). The 25 Gbps PRBS-7 transient responses under
6 mA bias current for both simulation and measurement are shown in Figure 7. The peak-to-peak
jitter in the experiment is 11.3 ps, while the simulation result is 11.4 ps. The measured vertical and
horizontal eye-opening ratios are 0.55 and 0.71, while the simulated ratios are 0.58 and 0.70, respectively.
The measurement and simulation show satisfactory match, proving that the proposed model have
strong ability to simulate the VCSEL performance.

Table 3. Parameters for the rate equations model.

Parameter Unit Value Parameter Unit Value
Ninj - 0.86 b3 mA/K3 24x1074
Te ps 400 b4 mA/K* -1.9%x107°
T ps 1 Ang st 1.1x 108
T ps 2.8 By s 53
Vaow m> 6 x 10718 Cns s7! 1.9 %1078
Vact m3 2.3 x 10716 AN s71 1.3 x 108
Nsgo m™3 4 %101 Bn s71 1.8 x 101
Neo m™3 6 x 10 Cn s71 9.1 x107°
Tn ns 5 Ag s71 0
Rsp s71 1.4 x 1012 Bs s71 1.8 x 1073
b0 mA 5.1 x 102 Cs s7! 0
bl mA/K 12x 107! Vg m/s 8.6 x 107
b2 mA/K? —-8.7 x 1072 Gn m~! 42 %103

Figure 7. (a) The measured eye diagram of VCSEL at 25 Gbps; (b) the simulated eye diagram based on
the proposed model.

7. Conclusions

In this paper, we propose a compact high-efficient equivalent circuit model for the
multi-quantum-well VCSEL with the noise included. In the model, the number of nonlinear equations
significantly decreases, resulting in improvement of the computation efficiency by 3.3-fold for three
QWs-VCSEL and by six-fold for five QWs-VCSEL. In addition, parameter extraction becomes much
easier compared to conventional MQW models, due to the reduction in the number of parameters.
The model is system-oriented and can be used as a part of the VCSEL-based link modelling.



Appl. Sci. 2020, 10, 3865 120f13

Author Contributions: VCSEL modeling, S.L.; parameter extraction, S.L.; experiment, S.L., M.S.N., and D.R;;
validation: S.L.; writing—original draft preparation, S.L.; writing—review and editing, S.L., M.S.N., D.R. and
O.L.-L.; supervision, O.L.-L.; project administration, O.L.-L.; funding acquisition, O.L.-L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Mitacs Accelerate program, Reflex Photonics, FRQNT B2X program and
the NSERC Strategic Partnership Grant program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hofmann, W.H.; Moser, P.; Bimberg, D. Energy-efficient VCSELs for interconnects. IEEE Photonics |. 2012, 4,
652-656. [CrossRef]

2. Lavrencik, J.; Varughese, S.; Thomas, V.A.; Ralph, S.E. Scaling VCSEL-MMF links to 1 Tb/s using short
wavelength division multiplexing. J. Lightwave Technol. 2017, 36, 4138-4145. [CrossRef]

3.  Suzuki, A.; Wakazono, Y.; Ishikawa, T.; Hashimoto, Y.; Masuda, H.; Suzuki, S.; Tamura, M.; Suzuki, T.I;
Kikuchi, K.; Nakagawa, H.; et al. Low-cost optical subassembly using VCSEL pre-self-aligned with optical
fiber for optical interconnect applications. . Lightwave Technol. 2009, 27, 4516-4523. [CrossRef]

4. Kanakis, G.; Iliadis, N.; Soenen, W.; Moeneclaey, B.; Argyris, N.; Kalavrouziotis, D.; Spiga, S.; Bakopoulos, P;
Avramopoulos, H. High-Speed VCSEL-Based Transceiver for 200 GbE Short-Reach Intra-Datacenter Optical
Interconnects. Appl. Sci. 2019, 9, 2488. [CrossRef]

5. Kao, H,; Chi, Y,; Tsai, C.; Leong, S.; Peng, C.; Wang, H.; Huang, ] J.; Jou, J.; Shih, T.; Kuo, H.; et al. Few-mode
VCSEL chip for 100-Gb/s transmission over 100 m multimode fiber. Photonics Res. 2017, 5, 507-515. [CrossRef]

6. Chi, K.L.; Shi, Y.X.; Chen, X.N.; Chen, ].].; Yang, Y.J.; Kropp, ].R.; Ledentsov, N.; Agustin, M.; Ledentsov, N.N.;
Stepniak, G.; etal. Single-mode 850-nm VCSELs for 54-Gb/s on-off keying transmission over 1-km multi-mode
fiber. IEEE Photonics Technol. Lett. 2016, 28, 1367-1370. [CrossRef]

7. Raj, M.; Monge, M.; Emami, A. A modelling and nonlinear equalization technique for a 20 Gb/s 0.77 p]J/b
VCSEL transmitter in 32 nm SOI CMOS. IEEE |. Solid-State Circuits 2016, 51, 1734-1743. [CrossRef]

8. Belfiore, G.; Khafaji, M.; Henker, R.; Ellinger, F. A 50 Gb/s 190 mW asymmetric 3-tap FFE VCSEL driver.
IEEE ]. Solid-State Circuits 2017, 52, 2422-2429. [CrossRef]

9.  Vandermeer, A.D.; Cassidy, D.T. A rate equation model of asymmetric multiple quantum-well lasers. IEEE ].
Quantum Electron. 2005, 41, 917-924. [CrossRef]

10. Qi, C,; Shi, X.; Wang, G. Thermal circuit model of MQW VCSEL laser. In Proceedings of the 2010 International
Conference on Microwave and Millimeter Wave Technology, Chengdu, China, 8-11 May 2010.

11.  Horri, A.; Faez, R. Large signal analysis of double quantum well transistor laser. Opt. Quant. Electron. 2013,
45,389-399. [CrossRef]

12. Hu, S; He, X,; He, Y,; Su, J.; Li, C;; Hu, A.; Guo, X. Impact of damping on high speed 850 nm VCSEL
performance. J. Semicond. 2018, 39, 1-4. [CrossRef]

13.  Shen, C.C,; Hsu, T.C,; Yeh, YW, Kang, C.Y,; Lu, Y.T;; Lin, HW.,; Tseng, H.Y.; Chen, Y.T.; Chen, C.Y,;
Lin, C.C; et al. Design, modeling, and fabrication of high-speed VCSEL with data rate up to 50 Gb/s.
Nanoscale Res. Lett. 2019, 14, 276-281. [CrossRef]

14. Zhang, C.; ElAfandy, R.; Han, ]. Distributed bragg reflectors for GaN-based vertical-cavity surface-emitting
lasers. Appl. Sci. 2019, 9, 1593. [CrossRef]

15. Haglund, E.P. Vertical-Cavity Surface-Emitting Lasers: Large Signal Dynamics and Silicon Photonics
Integration. Ph.D. Thesis, Chalmers University of Technology, Gothenburg, Sweden, 2016.

16. Brum, J.A,; Bastard, G. Resonant carrier capture by semiconductor quantum wells. Phys. Rev. B 1986, 33,
1420-1423. [CrossRef] [PubMed]

17.  Zhang, Y. Self-Heating Control of Edge Emitting and Vertical Cavity Surface Emitting Lasers. Ph.D. Thesis,
University of Central Florida, Orlando, FL, USA, 2014.

18. McDonald, D.; O'Dowd, R.E. Comparison of two- and three-level rate equations in the modeling of
quantum-well lasers. IEEE ]. Quantum Electron. 1995, 31, 1927-1934. [CrossRef]

19. Weetman, P. Modeling Quantum Well Lasers. Ph.D. Thesis, the University of Waterloo, Waterloo, ON,

Canada, 2002.


http://dx.doi.org/10.1109/JPHOT.2012.2190500
http://dx.doi.org/10.1109/JLT.2018.2858208
http://dx.doi.org/10.1109/JLT.2009.2024555
http://dx.doi.org/10.3390/app9122488
http://dx.doi.org/10.1364/PRJ.5.000507
http://dx.doi.org/10.1109/LPT.2016.2542099
http://dx.doi.org/10.1109/JSSC.2016.2553040
http://dx.doi.org/10.1109/JSSC.2017.2717918
http://dx.doi.org/10.1109/JQE.2005.848888
http://dx.doi.org/10.1007/s11082-012-9641-5
http://dx.doi.org/10.1088/1674-4926/39/11/114006
http://dx.doi.org/10.1186/s11671-019-3107-7
http://dx.doi.org/10.3390/app9081593
http://dx.doi.org/10.1103/PhysRevB.33.1420
http://www.ncbi.nlm.nih.gov/pubmed/9938418
http://dx.doi.org/10.1109/3.469272

Appl. Sci. 2020, 10, 3865 130f 13

20.

21.

22.

23.

24.

25.

Hopkins, M.A.; Allsopp, D.W.E.; Kappers, M.]J.; Oliver, R.A.; Humphreys, C.J. The ABC model of
recombination reinterpreted: Impact on understanding carrier transport and efficiency droop in InGaN/GaN
light emitting diodes. J. Appl. Phys. 2017, 122, 234505. [CrossRef]

Yan, J.; Wang, J.; Tang, C.; Liu, X.; Zhang, G.; He, Y. An electrooptothermal-coupled circuit-level model for
VCSELs under pulsed condition. IEEE Trans. Ind. Electron. 2019, 66, 1315-1324. [CrossRef]

Entezam, S.; Zarifkar, A.; Sheikhi, M.H. Thermal equivalent circuit model for coupled-cavity surface-emitting
lasers. IEEE |. Quantum Electron. 2015, 51, 1-8. [CrossRef]

Bacou, A.; Hayat, A.; Iakovlev, V.; Syrbu, A.; Rissons, A.; Mollier, J.C.; Kapon, E. Electrical modeling of
long-wavelength VCSELSs for intrinsic parameters extraction. IEEE J. Quantum Electron. 2010, 46, 313-322.
[CrossRef]

Bich-Ha, T.; Mollier, J. Noise equivalent circuit of a two-mode semiconductor laser with the contribution of
both the linear and the nonlinear gain. IEEE ]. Sel. Top. Quantum Electron. 1997, 3, 304-308. [CrossRef]
Pavan, S.K.; Lavrencik, J.; Ralph, S.E. New model for mode partition noise in VCSEL-MMF links on
Langevin-driven spatio-temporal rate equations. IEEE ]. Lightwave Technol. 2016, 34, 3733-3751. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1063/1.4986434
http://dx.doi.org/10.1109/TIE.2018.2833043
http://dx.doi.org/10.1109/JQE.2015.2400572
http://dx.doi.org/10.1109/JQE.2009.2031312
http://dx.doi.org/10.1109/2944.605671
http://dx.doi.org/10.1109/JLT.2016.2581833
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	VCSEL Structure and Dynamism Analysis 
	Parasitic Circuit 
	Compact Rate Equations 
	VCSEL Equivalent Circuit Model 
	Results and Discussion 
	Conclusions 
	References

