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Bipolar cascade (BC) vertical cavity surface emitting lasers
(VCSELs) are promising for producing signal gain under
high-speed modulation conditions in the radio frequency (RF)
range.1 A particular application of interest is that of RF-
photonic links. BC VCSELs that are responsive to GHz in-
jected current modulations can be used as the direct-drive op-
tical signal generation device in such systems, greatly simpli-
fying the component requirements and avoiding the insertion
losses associated with external modulators. The central fea-
ture of BC devices is the use of reverse-biased tunnel junc-
tions (TJs) to efficiently source electron and hole currents to
multiple active regions by recycling the valence band elec-
trons resulting from optical recombination. Benefits of BC
designs over typical p-i-n diode lasers include greater quan-
tum efficiencies that can exceed unity when using multiple
stages,2 improved RF impedance matching through increased
series resistance,3 and reduced noise figures as a result of un-
correlated carrier recycling among stages.4

Even though high-frequency performance is crucial, few
reports of measured BC laser modulation data exist. Despite
significant advances in InP- and GaAs-based BC VCSEL
structures and their extensive characterizations,5–8 to date we
have located only the high-frequency analysis reported by
Knödl, et al.9 wherein modulated current efficiency factors
are extracted from relative intensity noise measurements as a
means of high-frequency characterization.

In this Letter, high-frequency measurements of modulated
laser light output as a function of RF small-signal injected
current for a series of BC VCSELs are reported. First we
present the details of the growth and fabrication of GaAs-

based BC VCSELs with operating wavelengths ∼ 980 nm.
Next, we present and discuss measured laser characteristics
including light power and voltage versus injected current (LI
and VI) and small signal laser modulation results approaching
10 GHz at a temperature of −50 ◦C.

A schematic for a single-stage laser structure, Fig. 1a), a
micrograph of a fabricated high-speed device, Fig. 1b), and
a close-up scanning electron microscope (SEM) image of the
VCSEL aperture, Fig. 1c), are shown. The BC VCSELs were
grown on n+ GaAs substrates by molecular beam epitaxy.
The laser cavities consist of 1-, 2-, or 3-stage 5

2λ microcavi-
ties, each containing a graded p-doped Al0.98Ga0.02As oxide
aperture (OA) and a GaAs TJ positioned at longitudinal nodes
of the optical standing wave, and a triple quantum well (QW)
active region placed at an antinode.

The following description gives the layer structure for a
1-stage device. The top distributed Bragg reflector (DBR)
consists of 15 abrupt GaAs/Al0.90Ga0.10As pairs, Si-doped
at 4 × 1018 cm−3. The microcavity is formed from the top
DBR as follows (numbering scheme is indicated in Fig. 1a).
First, an undoped GaAs spacer layer (1) is used to center a TJ
(2) at the first node. The TJ, reported previously,10 consists
of a Si δ-doped GaAs layer and a C-doped GaAs layer, each
TJ layer is 200 Å thick. Below this, an undoped GaAs spacer
layer (3) positions an OA region (4) at the next node of the
standing wave. The 300 Å thick OA is p-type Al0.98Ga0.02As
and has graded transition layers on either side. Under the OA
is an approximately 3

4λ thick undoped GaAs spacer layer (5)
designed to place the active region in an antinode. The ac-
tive region (6) consists of three 80 Å thick In0.20Ga0.80As
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200 Å n++ TJ layer
200 Å p++ TJ layer
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Fig. 1. a) Schematic of a single-stage BC VCSEL. The curve
indicates the optical field of the 5

2λ cavity resonance. The in-
sets show b) a micrograph of a processed high-speed device
and c) a close-up SEM image of the VCSEL aperture.

wells separated by 100 Å thick GaAs barriers. Finally, an un-
doped GaAs layer (7) approximately 1-λ thick is used to com-
plete the cavity. For 2- and 3-stage structures the entire micro-
cavity is repeated. The bottom DBR consists of 26.5 abrupt
Al0.90Ga0.10As/GaAs pairs with the same layer thicknesses
and doping as the top DBR.

Top-contacted, mesa-isolated BC VCSELs with 10 to 50
µm circular mesas were fabricated. Semi-ring annuli ohmic
top contacts were formed lithographically and contact metal
(Ni-Ge-Au-Ni-Au) was evaporated onto the patterned top-
side. The mesa dry etch was stopped on the third GaAs layer
of the bottom DBR, just below the cavity as determined by
in-situ reflectivity. The bottom contact was patterned and the
same metals were deposited on both the patterned side and the
backside (for thermal contact). The contacts were annealed in
forming gas at 410 ◦C for 15 s. The OAs were formed with an
in-situ oxidation furnace at 400 ◦C for four hours, yielding an
approximate 10 µm oxide penetration depth. The annealing
step was performed to allow for preoxidation device charac-
terization. The anneal and subsequent oxidation did not affect
the quality of the ohmic contacts. Next, a 5,000 Å thick Si3N4

layer was deposited for electrical isolation and sidewall passi-
vation, followed by a 5 µm layer of SU-8 used for planariza-
tion. The mesas and bottom contacts were opened lithograph-
ically and the uncovered Si3N4 was subsequently dry etched
with Freon 23-O2 (40 sccm-2 sccm) to completely clear out
the mesa aperture and the electrical contacts. The ground-
signal-ground (g-s-g) cascade contact pads were lithographi-
cally defined and Ti - Au layers were sputtered to ensure step
coverage.

In preparation for high-frequency characterization we de-
termined the operating conditions and biasing properties of
the lasers. LI and VI characteristics for 1-, 2-, and 3-stage BC
VCSEL devices were measured at various temperatures. Fig-
ure 2 shows the CW LI (solid lines) and VI (dashed lines)
characteristics for a 3-stage and a 2-stage BC VCSEL at
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Fig. 2. LI and VI characteristics for a 3-stage and a 2-stage
device at −50 ◦C. The solid lines are the LI characteristics
and the dashed lines are the VI characteristics. The heavy line
portions of the LI curves indicate the linear regime where the
slope efficiencies were calculated.

−50 ◦C. The test system consisted of an environmentally con-
trolled probe station and an HP-7145A semiconductor param-
eter analyzer (SPA) connected to a g-s-g microprobe. A 1 cm
diameter Si detector with a 5% neutral density filter was used
to collect the output light.

The “electron recycling” benefit of the BC VCSEL struc-
ture is immediately obvious by comparing the 2- and 3-stage
LI data. The increased round trip gain from the additional
stage (without a proportional increase in current) manifests
in a rise in slope efficiency, ηslope from 0.36 W/A for the 2-
stage device to 0.46 W/A for the 3-stage device, as well as
the reduction in the threshold current from 1.9 mA for the 2-
stage device to 0.7 mA for the 3-stage device. The 1-, 2- and
3-stage devices all lased at−50 ◦C. The single-stage devices,
however, did not yield measurable frequency responses, due
primarily to low gain resulting from inadvertent cavity detun-
ing relative to the gain peak and from small round-trip gain
resulting from the low number of DBR pairs and only three
QWs. Additionally, this detuning results in degraded CW per-
formance of BC VCSELs at higher temperatures.

High-frequency laser modulation response measurements
were performed at the same temperatures along several bias
points along the positive slope of the LI curves. The output
modulation was determined using the s-parameters obtained
from an HP-8720A microwave network analyzer (MNA).
The test system consists of a stable DC current source con-
nected to the Port-1 bias-tee of the MNA. The MNA applies
a −10 dBm (0.1 mW) small-signal modulation onto the laser
bias. The signal was supplied to the VCSEL by a high-speed
coaxial cable connected to the microprobe. The modulated
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light output was collected using a 63 µm core multimode fiber
and detected using a 25 GHz high-speed detector. The output
signal from the detector was returned to port 2 of the MNA
via another high-speed coaxial cable.

Fig. 3 shows the device frequency response, which is pro-
portional to the MNA measured |s21|, for 28 µm diameter
mesas corresponding to 8 µm apertures, as described in the
previous section. These devices were chosen because of su-
perior performance and single-mode output as determined by
imaging the near field. Taken in context, the measured per-
formance data reported here were the best values obtained
when the laser modulation experiment was repeated for de-
vices with mesa/OA diameters equal to 28/8, 30/10, 35/15,
and 40 µm/20 µm at −50 ◦C to +25 ◦C.

In order to compare independent measurements to a com-
mon −3 dB standard, the data points in Fig. 3 have been
scaled by plotting 10 log [|s21|/MTF (0)] where MTF is
the two-pole modulation transfer function. The two-pole form
takes into consideration the low-frequency parasitic peak that
was often observed. In Fig. 3, the 2-stage device shows the
effects of a low-frequency parasitic response. The functional
form for the fitting was

MTF (ω) =

√
A + B + C

(1 + τ2
parω

2)[γ2ω2 + (ω2 − ω2
r)2]

(1)

where

A = C2
m(1 + τ2

parω
2)ω4

r (2)

B = 2CmCparω
2
r [(γτpar − 1)ω2 + ω2

r ] (3)
C = C2

par[γ
2ω2 + (ω2 − ω2

r)2]. (4)

The angular frequency is ω, ωr is the relaxation oscilla-
tion frequency, γ is the damping factor, Cm is the single pole
MTF amplitude constant, Cpar is the parasitic amplitude
constant, and τpar is the parasitic time constant. Disentan-
gling the parasitic effects is outside the scope of this letter.

The frequency responses for a 3-stage and a 2-stage de-
vice are shown in Fig. 3. The MTF curves correspond to fits
with fr ≡ ωr/2π = 4.78 and 6.26 GHz and γ = 5.63 and
7.45 GHz for the 2-stage and 3-stage measurements, respec-
tively. The 3- and 2-stage BC VCSEL devices exhibit fre-
quency responses of 9.3 GHz and 6.5 GHz, respectively at
the labeled biasing conditions. The 3-stage device at +25 ◦C
does operate under small-signal modulation but with a lower
4.0 GHz −3 dB response. However, the modulation peak
is quite sharp, indicating further current injection would in-
crease the −3 dB frequency bandwidth. Unfortunately, the
modulation signal falls off at higher bias currents because the
laser is operating near the maximum of its positive LI slope.
Further increase in current reduces the −3 dB frequency re-
sponse as the laser operation begins to degrade due to heating
effects and increasing gain-cavity mismatch.

We have demonstrated GHz operation of BC VCSELs at an
operating temperature of −50 ◦C. While these BC VCSELs
do operate at room temperature, improvements such as com-
positionally grading the DBR mirror layers and optimizing
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Fig. 3. Frequency response characteristics for BC VCSELs at
−50 ◦C operating at the labeled conditions. The data points
are measured |s21| values normalized to MTF (0) and the
curves are normalized MTF s.

the gain peak vs. cavity tuning overlap should dramatically
improve room temperature operation. Room temperature BC
VCSELs operating greater than 10 GHz with high slope effi-
ciencies is achievable.
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