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Continuous-wave (CW) terahertz (THz) photomixing requires compact, widely tunable, mode-hop-free

driving lasers. We present a single-mode microelectromechanical system (MEMS)-tunable vertical-

cavity surface-emitting laser (VCSEL) featuring an electrothermal tuning range of 64 nm (7.92 THz)

that exceeds the tuning range of commercially available distributed-feedback laser (DFB) diodes

(�4.8 nm) by a factor of about 13. We first review the underlying theory and perform a systematic

characterization of the MEMS-VCSEL, with particular focus on the parameters relevant for THz pho-

tomixing. These parameters include mode-hop-free CW tuning with a side-mode-suppression-ratio

>50 dB, a linewidth as narrow as 46.1 MHz, and wavelength and polarization stability. We conclude

with a demonstration of a CW THz photomixing setup by subjecting the MEMS-VCSEL to optical

beating with a DFB diode driving commercial photomixers. The achievable THz bandwidth is limited

only by the employed photomixers. Once improved photomixers become available, electrothermally

actuated MEMS-VCSELs should allow for a tuning range covering almost the whole THz domain

with a single system. Published by AIP Publishing. https://doi.org/10.1063/1.5003147

I. INTRODUCTION

Since the first demonstration of a vertical-cavity surface-

emitting laser (VCSEL) by Iga in 1977,1 many practical applica-

tions have benefited from its inherent characteristics: low power

consumption, on-wafer testing, excellent coupling efficiency to

fibers, dynamic single-mode operation, and compactness, to

name but a few. Fixed-cavity-length GaAs-based VCSELs

around 850 nm have become the workhorse for short optical

interconnects and local area networks (LANs).2 While fixed-

cavity-length VCSELs offer excellent performance for narrow-

bandwidth applications, for applications requiring a large tuning

range of several 10 nm it is necessary to employ a microelectro-

mechanical system (MEMS)-tunable VCSEL consisting of a

fixed mirror and a MEMS-actuated mirror. Electrothermally

tunable MEMS-VCSELs have shown their effectiveness in opti-

cal communication systems,3,4 sensing and spectroscopy,5 and

optical coherence tomography (OCT).6 In addition to those

established fields, we have already investigated the application

of MEMS-VCSELs in terahertz (THz) photomixing systems.7

Terahertz applications between 100 GHz and 10 THz

include noninvasive medical imaging, future high-frequency

communications, spectroscopy, homeland security, and earth-

and space science applications, among many other fields.8,9

For applications where a large frequency coverage of up to

several THz or a high spectral resolution is required, THz gen-

eration by heterodyne photomixing of two continuous-wave

(CW) lasers is commonly used.10 Two lasers at frequencies �1

and �2 ¼ �1 þ �THz drive an ultra-fast photodiode (PD) or a

photoconductor that generates an alternating current (ac)

oscillating with the difference frequency of �THz.11 A suitably

designed antenna converts the ac current into free-space THz

emission. For detection, a photoconductor mixes the received

THz signal with the optical envelope of the beat signal that

was previously used for the THz generation, leading to a

down-conversion of the THz field to a dc photocurrent as a

read-out signal. Such photomixing systems are typically lim-

ited in bandwidth to �3 THz. Commercial narrow-linewidth

telecommunications-wavelength lasers, such as distributed-

feedback laser (DFB) diodes, however, are tunable by not

more than 0.6 THz. By appropriate selection of the individual

wavelengths, it has been shown that three such diodes are

indeed sufficient to cover a frequency span of up to 3 THz.12

However, switching lasers has a deleterious effect on THz

measurements. Most laser systems that include external cavity

lasers with a tuning range of several THz are relatively bulky

and expensive although recent developments in compact

semiconductor lasers may solve this problem for future THz

systems. Such lasers include, for example, sampled-grating

distributed-Bragg-reflector (SG-DBR) lasers,13 Y-branch

lasers,14 and MEMS-VCSELs.4 The particular advantages of

MEMS-VCSELs are their extremely fast tunability and their

almost-circular mode profile, which is eminently suited for

fiber coupling.

In a previous publication, we reported on a non-optimized

THz system using a MEMS-VCSEL.7 To demonstrate the huge
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tuning range of the MEMS-VCSEL, which is much larger

than the bandwidth of a photomixer, the MEMS-VCSEL was

swept from 1.61 THz below to 1.62 THz above the frequency

of a DFB diode, yielding a total scanned frequency span of

3.23 THz. In the present work, we demonstrate homodyne

detection over a total span of 4.74 THz by heterodyning of a

polarization-stable, tunable MEMS-VCSEL and a DFB

diode. The paper is structured as follows. In the Secs.

II A–II D, we review the underlying theory and systemati-

cally characterize two MEMS-VCSELs denoted as VCSEL-

A and VCSEL-B, considering all aspects relevant for THz

photomixing. These include tunability, side-mode suppres-

sion ratio (SMSR), output power, linewidth, wavelength sta-

bility, and polarization stability. In Sec. II E, we describe the

THz setup and the results obtained using a commercial DFB

diode heterodyned with VCSEL-A, which is optimized for

THz applications.

II. KEY FEATURES OF MEMS-VCSELS

A. The MEMS-VCSEL structure

A cross-sectional schematic diagram of a MEMS-VCSEL

is shown in Fig. 1; a detailed explanation can be found in

Ref. 4. A tunable MEMS-VCSEL is commonly composed of

a movable distributed-Bragg-reflector (DBR) top mirror with

evaporation-deposited actuation contacts, an air gap, a semi-

conductor cavity (SC), and an integrated DBR bottom mir-

ror. To reduce reflectivity at the SC–air interface, an

antireflection (AR) coating is used. The SC, which contains

AlInGaAs-based multi-quantum wells (MQWs) as gain

medium, a buried tunnel junction (BTJ), and two InP heat-

and current-spreading layers, together with the bottom mirror

is termed the half-VCSEL. The BTJ, with a diameter of

DBTJ ¼ 14 lm, serves as a current aperture. A description of

the active region and BTJ structure is given in Ref. 15. The

half-VCSEL is mounted on an electroplated gold substrate. The

semiconductor (InP) around the mesa is replaced by a low-

dielectric-constant passivation layer of benzocyclobutene (BCB)

to eliminate parasitic capacitances. The movable top mirror con-

sists of 11.5 SiNx=SiOy dielectric layer pairs. Each layer has an

optical thickness of k0=4, where k0 ¼ 1550 nm is the center

wavelength. Intentional stress gradients are incorporated during

the growth of these layers, causing the mirror to bend

upwards with a well-defined radius of curvature (RoC),

resulting in a plane-concave laser cavity. A heating current

applied through the Cr/Au electrodes evaporated onto the top

of the mirror enables electrothermal actuation by thermal

expansion of the suspended membrane. A 50 lm-diameter

circular hole in the metal electrode (the dish diameter is

110 lm), as shown in the scanning electron microscope

(SEM) image in Fig. 2, serves as the exit aperture of the laser

cavity. It is connected to four flexible beams of length and

width 150 and 60 lm, respectively, which support the mirror

suspension. Throughout this paper, the suspended mirror will

be termed the membrane DBR, or simply the membrane.

The bottom DBR and the membrane form a plane-concave

Fabry–P�erot resonator with a total optical cavity length L,

which is the sum of the encapsulated air gap Lair, the SC

length LSC, and the penetration depths LDBR;t and LDBR;b of

the optical field into the top and bottom DBRs, respectively,

as illustrated in Fig. 1.

B. Electrothermal tuning characteristics

A laser diode controller (LDC) injects the current Iinj for

electrical pumping of the on-wafer MEMS-VCSEL. Another

LDC provides the heating/tuning current IMEMS through the

electrode of the membrane (the membrane actuation current).

The subsequent Joule heating Pheat expands the membrane,

causing an increase in the air gap, i.e., the cavity length. The

corresponding change in the emission wavelength is given by

Dk / DLair / Pheat ¼ I2
MEMSRMEMS; (1)

where RMEMS � 25 X is the electrical resistance of the heat-

ing electrode of the membrane.

Figure 3 shows the electrothermal actuation of a MEMS-

VCSEL (VCSEL-A) with a mode-hop-free tuning from 1525 nm

(IMEMS ¼ 0 mA) to 1589 nm (IMEMS ¼ 37:6 mA) with Iinj

¼ 20 mA and a substrate temperature of Ts ¼ 22 �C. This yields

a tuning range of 64 nm (7.92 THz) covering the spectral band-

width (1530–1565 nm) of the erbium-doped fiber amplifier

(EDFA) that is employed to boost the VCSEL power during the

FIG. 1. Cross-sectional schematic of a MEMS-VCSEL.

FIG. 2. SEM image showing the top view of an on-wafer MEMS-VCSEL.

The two wire connections for the injection and actuation currents are shown

schematically.
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THz photomixing experiment. The corresponding CW power

and voltage profile are also shown in Fig. 3. The inset in the fig-

ure shows an emission spectrum of VCSEL-A at a fixed mem-

brane current. The spectral distance to the next-higher-order

longitudinal mode, i.e., the free spectral range (FSR), is 92 nm,

which is the ultimate limit for mode-hop-free tuning. The highest

SMSR of 58 dB is obtained at this wavelength. However, a mini-

mum SMSR of >50 dB is maintained over the entire tuning

range, which is 11 dB higher than the value presented in Ref. 16.

The minimum VCSEL voltage obtained with IMEMS � 24 mA

corresponds to the lowest threshold gain. The voltage drop of the

laser from Fig. 3 clearly correlates with the laser threshold cur-

rent as shown in Fig. 4. In Fig. 4, the differential quantum effi-

ciency gd is also plotted as a function of the membrane actuation

current. The differential quantum efficiency is a function of the

slope of the light–current (L–I) curve above the threshold as

follows:

gd ¼
DP

DIinj

ek
hc

� �
; (2)

where P is the emitted optical power captured by the large-

area PD, e is the elementary electric charge, h is the Planck’s

constant, and c is the speed of light. A value of gd > 9% is

obtained over the tuning range of interest (1530–1565 nm),

with a maximum of gd ¼ 18% with IMEMS ¼ 12 mA

(k ¼ 1530:5 nm), as shown in Fig. 4. From Eq. (2), the elec-

trical-to-optical conversion inside the cavity (higher slope

efficiency) is highest at this point. The outcoupled power,

however, does not achieve its highest value here. At longer

wavelengths, the membrane becomes less reflective. This

decreases the Q-factor of the cavity, but it also increases the

outcoupled power since the transmission T ¼ 1� Rt, with Rt

being the reflectivity of the membrane. However, thermal

rollover with increased injection current16 appears much ear-

lier when compared with the point of minimum threshold

gain. Despite obtaining more power with Iinj > 20 mA, we

limit the injection current to Iinj ¼ 20 mA to avoid thermal

rollover during THz photomixing.

The frequency response of the membrane to current

actuation is investigated by a sinusoidal modulation of the

membrane current and monitoring of the laser emission. The

MEMS-VCSEL (VCSEL-A) is biased with Iinj ¼ 20 mA and

IMEMS ¼ 25 mA at Ts ¼ 22 � C. With a peak-to-peak modu-

lation current of 20 mA, the membrane oscillates between 15

and 35 mA, giving a wavelength variation between 1525 and

1589 nm at low modulation frequencies, as illustrated in Fig.

5. With an initial wavelength tuning range of Dkmax ¼ 64

nm, the thermal inertia of the membrane follows a low-pass

filter behavior of the first order:

Dkðf Þ ¼ Dkmaxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3 f=fmod;3dB

� �2
q (3)

with a 3 dB frequency of fmod;3-dB ¼
ffiffiffi
3
p

=ð2psÞ, where s is

the thermal time constant of the membrane. The correspond-

ing fit to the experimental data gives fmod;3dB ¼ 258:6567:09

Hz featuring a time constant of s ¼ 1:06 ms, as illustrated in

Fig. 6. The value of fmod;3dB indicates that the entire tuning

range of the MEMS-VCSELs can be tuned within just a few

milliseconds.

C. Linewidth and frequency stability

Terahertz signals generated by the CW photomixers fea-

ture a linewidth that corresponds to the combined linewidth

of the two lasers. The influence of the photomixing process

is typically negligible. For many applications, in particular

FIG. 3. Mode-hop-free electrothermal actuation of VCSEL-A: single-mode

CW power (red), VCSEL voltage (green), and peak emission wavelength

(black) for Iinj ¼ 20 mA.

FIG. 4. Laser threshold current (green), differential quantum efficiency

(blue), and emission wavelength (black).

FIG. 5. Electrothermal frequency response of VCSEL-A for an initial wave-

length tuning of Dk ¼ 64 nm.
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for THz spectroscopy, a narrow linewidth and good frequency

stability of the lasers are highly important. For example, most

polar gases feature linewidths in the few-GHz range under

normal conditions.17 At lower pressures in the millibar range,

the linewidths fall to a few tens of kHz,17 requiring additional

linewidth-stabilization techniques. Fixed-frequency VCSELs

show a typical linewidth in the range of a few MHz,18,19

attributable to the high quality factor of the laser cavity. Such

linewidths would be sufficient for THz spectroscopy experi-

ments under normal pressure. The suspended membrane of

the MEMS-VCSEL, however, is prone to additional influence

of noise that leads to a larger linewidth. In the following, we

will determine the influence of mechanical and thermal noise

on the linewidth of the MEMS-VCSELs and compare our

findings with experimental results.

The motion of the membrane can be described as a

mechanical resonator according to the following equation:20,21

m€x þ Rm _x þ kmx ¼ FðtÞ; (4)

where x is the displacement of the membrane from its equi-

librium position, m, Rm, and km are the mass, damping con-

stant, and spring constant of the membrane, and F(t) is the

force acting on the membrane. Since the membrane is sus-

pended in air, we expect little damping and therefore neglect

the second term in Eq. (4). The fundamental mechanical res-

onance frequency of the membrane is thus

�res;1 �
1

2p

ffiffiffiffiffiffi
km

m

r
: (5)

The mass of the membrane calculated from its dimensions

is m � 0:55 lg. According to Refs. 5 and 22, only half

of each suspension beam experiences the vibration of

the membrane, leading to an effective mass meff ¼ 0:34 lg.

The spring constant can be determined by a measurement

of the mechanical resonance spectrum of the membrane.

The bare membrane is characterized by capturing its veloc-

ity signal by a laser Doppler vibrometer (LDV, Polytec:

OFV-2502 controller, OFV-534 sensor head with a sensitiv-

ity of 25 mm s�1 V�1) at atmospheric pressure without any

laser injection current. A bias voltage UðtÞ ¼ Udc þ Umod

sin ðxmodtÞ (Udc ¼ 20 V, peak-to-peak Umod ¼ 1:5 V) is

applied between the n-contact and the membrane electrodes

of the MEMS-VCSEL, forming a capacitor. This exerts an

electrostatic force on the membrane. Figure 7 shows the

velocity signal of the membrane (VCSEL-B) as a function

of the modulation frequency. Two mechanical resonance

frequencies for VCSEL-B are found experimentally at �res;1

¼ 283 kHz and �res;2 ¼ 1215 kHz, where �res;1 is the funda-

mental resonance frequency. These resonances can cause

power and wavelength fluctuations as demonstrated in Ref.

20 using a fixed-frequency laser feeding to a MEMS-

tunable Fabry–P�erot etalon. Mechanical noise or external

influence can excite those resonances, causing cavity-

length fluctuations that, in turn, result in wavelength and

power fluctuations. The latter are illustrated in the inset of

Fig. 7, where the laser signal is detected by a fast photodi-

ode, followed by an electrical spectrum analyzer (ESA).

The fundamental resonance measured at 288 kHz matches

closely that obtained from the LDV experiment, implying

that the resonance frequencies can be determined likewise

from mechanical or optical measurements.

The ESA spectra in Fig. 8 show the resonance peaks of

VCSEL-A with �res;1 � 214 kHz and �res;2 � 1250 kHz (Iinj

¼ 20 mA). The resolution bandwidth (RBW) for this ESA

trace is 100 kHz. Although the amplitude is small (as

expected), the plot resembles the behavior shown in Fig. 7.

The observed resonance peaks match closely that reported for

an electrostatically tunable MEMS-VCSEL in Ref. 23. With

the 3 dB bandwidth of D�3dB � 70 kHz of the fundamental

resonance as shown in the inset of Fig. 8 (RBW¼ 1 kHz), we

can deduce a quality factor Q ¼ �res;1=D�3dB ¼ x0=2a � 3,

where x0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
km=m

p
is the ideal (angular) oscillation fre-

quency and a ¼ Rm=2m is the damping factor.24 This supports

the previous assumption of a weakly damped oscillator. With

the values of �res;1 ¼ 214 kHz and meff ¼ 0:34 lg, Eq. (5)

yields a spring constant km � 614:71 N/m for VCSEL-A. For

the MEMS-VCSEL used in the LDV experiment (VCSEL-B),

Eq. (5) yields a spring constant km � 1075 N/m. The differ-

ence between the two measurements may be due to the

FIG. 6. First-order low-pass filter behavior of the modulation performance.

FIG. 7. LDV measurement showing the resonance peaks of VCSEL-B under

no-lasing operation. Inset: ESA spectra displaying the fundamental reso-

nance under lasing operation.
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different characteristic of VCSELs from two different wafers

and processing runs.

The spring constant and mechanical resonances have

direct consequences for the laser linewidth and stability.

Thermal noise induced by Brownian motion results in an aver-

age membrane fluctuation.20,21 Any system at thermal equilib-

rium with nonzero temperature T has an average energy of
1
2

kBT in each degree of freedom, where kB is Boltzmann’s

constant. The associated potential energy of the membrane is

Epot ¼ 1
2

kmx2. The mean-square displacement of the mem-

brane can be written as

1

2
kmhDx2i ¼ a

2
kBT; (6)

where a represents the degrees of freedom of the system. In

the following, we assume that the system is governed mainly

by the fundamental oscillation, with little influence of higher-

order modes, which is supported by the measurements shown

in Fig. 7; hence, a � 1. If the membrane is displaced by an

amount Dx with respect to its equilibrium position, the corre-

sponding change in lasing frequency D� is given by20

D� ¼ 2� Dx � FSR�

c
� 2c Dx � FSRk

k3
; (7)

where FSR� and FSRk are the FSRs in the frequency and

wavelength domains, respectively. Inserting Eq. (6) in Eq.

(7) yields the root-mean-square (rms) fluctuations of the

MEMS-VCSELs

D�rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
hD�2i

p
¼ 2c � FSRk

k3

ffiffiffiffiffiffiffiffiffiffi
akBT

km

r
: (8)

For VCSEL-A with km ¼ 614:71 N/m, T¼ 295 K, FSRk

¼ 92 nm, and k¼ 1550 nm, Eq. (8) predicts a bandwidth of

D�rms ¼ 38:15 MHz for the inevitable Brownian-motion-

induced fluctuations. For VCSEL-B with km � 1075 N/m,

T¼ 295 K, FSRk ¼ 82 nm, and k¼ 1560 nm, Eq. (8) yields a

bandwidth of 25.21 MHz.

To measure the linewidth, we employ the delayed self-

heterodyne (DSH) technique, which uses a decorrelation-fiber

length of 5 km, providing a time delay sd ¼ 25 ls. This suffi-

ciently long fiber allows us to measure linewidth and the influ-

ence of noise at a frequency above �d ¼ 1=sd ¼ 40 kHz.6,25

In particular, this also includes the mechanical fluctuations of

the membrane at � 280 kHz, but excludes slow (thermal)

drifts. In principle, the intrinsic linewidth of a laser is of

Lorentzian shape. However, inherent Brownian motion and

external noise perturbing the membrane, spurious noise pick-

ups by the contact needles of the membrane, and changes in

the laboratory environment are of statistical nature, with

Gaussian spectra. Therefore, an ESA displaying the DSH sig-

nal D�DSH has weighted contributions from both Gaussian and

Lorentzian profiles and is fitted by a Voigt profile, from which

the linewidth D� is calculated according to Ref. 16, D�
¼ D�DSH=

ffiffiffi
2
p

. Figure 9 shows the corresponding linewidth

of VCSEL-B as a function of the inverse optical power (Ts

¼ 22 �C, IMEMS ¼ 0 mA). The linewidth increases almost lin-

early with the inverse optical power.26 At the highest power

levels, however, the linewidth increases again, possibly owing to

the increased heating of the laser cavity. The slope of the linear

fit to the experimental data gives an average linewidth– power

product of D� � P � ð1:6260:04 MHzÞ �mW. Before linewidth

broadening, the lowest value of � 41.2 MHz with Iinj ¼ 20 mA

is obtained around an emission wavelength of 1560 nm. The

intrinsic linewidth with this injection current is estimated from

the Lorentzian part of the Voigt fit as �12 6 4 MHz, which is

very close to the linewidth of a 1550 nm commercial nontunable

VCSEL with fixed dielectric mirrors from the manufacturer of

the half-VCSEL (VERTILAS). The geometric average of this

value and the already-calculated Brownian-fluctuation band-

width of � 25.21 MHz is � 27.92 6 1.5 MHz. This is in good

agreement with the linewidth of � 32.72 6 0.95 MHz obtained

from the y-axis intercept (P ¼1) of the linear fit. Similarly, for

VCSEL-A, a total linewidth of � 39.99 6 1.20 MHz is obtained

from the geometric average of the intrinsic linewidth and the

Brownian-fluctuation bandwidth of 38.15 MHz.

It is of particular importance for THz photomixing that

the laser linewidth does not change considerably over the

entire tuning range of a longitudinal mode and that no mode

FIG. 8. ESA spectra showing the resonance peaks of VCSEL-A under lasing

operation with Iinj ¼ 20 mA. The inset shows a zoom of the fundamental

resonance with a 3 dB bandwidth of 70 kHz.

FIG. 9. MEMS-VCSEL (VCSEL-B) linewidth as a function of the inverse

optical power (IMEMS ¼ 0 mA).
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hop occurs within the tuning range of interest. Therefore, the

substrate temperature of VCSEL-B is changed from 22 �C to

28 �C. The increase in substrate temperature results in a large

blueshift of the emission wavelength for MEMS-VCSEL.16,27

The reason is that the thermal expansion of the half-VCSEL

materials is greater than that of the membrane dielectrics. The

consequent greater lateral expansion of the half-VCSEL pulls

down the suspended mirror, decreasing the air gap, i.e., blue-

shifting the emission wavelength. Figure 10 shows the line-

width and corresponding emission wavelength as functions of

the membrane current (Iinj ¼ 20 mA). At both ends, the sharp

rise in the linewidth indicates a longitudinal mode hop. The

lowest value of � 48 MHz at �1560 nm is obtained with

IMEMS ¼ 36 mA. The difference between this value and the

value of 41.2 MHz (Iinj ¼ 20 mA, k � 1560 nm) in Fig. 9 can

be attributed to the additional Gaussian noise coming from the

increased substrate temperature, additional LDC membrane

biasing, and radio-frequency pickups by the exposed contact

needles of the membrane. However, for the desired wave-

length range covered by an EDFA from 1530 to 1565 nm, the

linewidth remains below 50 MHz.

It is worth mentioning that the DSH technique employed

here records the linewidth on the time scale of 25 ls

(40 kHz) generated by the 5 km fiber-optic delay. Therefore,

slower drifts cannot be recorded, because the two hetero-

dyned signals remain correlated within the respective time

scales. To prevent long-term drifts of the MEMS-VCSELs, a

wavelength-locking circuit has been developed employing

electrothermal feedback.7 The electrothermal frequency

response shown in Fig. 6 permits the suppression of noise

sources with frequencies below � 259 Hz. However, noise

sources with frequencies above � 259 Hz cannot be compen-

sated by the developed circuit. We therefore expect the

MEMS-VCSELs to fluctuate around the locking point. To

determine the low-frequency stability, VCSEL-A is

wavelength-locked and subjected to optical beats from a

DFB diode that has a linewidth of 2 MHz and a long-term

stability of the same order. The corresponding ESA trace in

Fig. 11 shows the instantaneous, i.e., short-time-scale, heter-

odyned linewidth with a single sweep time of 50 ms. Several

frequency jumps can be observed originating from the

frequency drifts of VCSEL-A. These drifts are due to several

noise sources, such as spurious noise pickups by the contact

needles connected to the membrane and acoustic excitation

of the membrane itself, as well as to temperature drifts. To

examine the associated long-term linewidth, the signal

shown in Fig. 11 is time-integrated for 20 s. The correspond-

ing ESA trace in Fig. 12 (RBW¼ 1 MHz) displays the long-

term stability of the heterodyned linewidth with a fluctuation

bandwidth D� ¼ 331 MHz. Since the DFB diode features a

long-term linewidth of only D�DFB � 2 MHz, the fluctuation

bandwidth of 331 MHz arises solely from the drifts of

VCSEL-A. Although this is about an order of magnitude

larger than the linewidth of the VCSEL, it is still sufficient

for THz spectroscopy at ambient pressure and temperature.

Employing electrostatic stabilization for the electrostatically

tunable MEMS-VCSELs would allow coverage of the

mechanical bandwidth of the fluctuations of � 280 kHz. In

this case, MEMS-VCSELs could be conveniently stabilized

toward a linewidth of a few tens of MHz.

D. Polarization stability

The photomixing process requires two lasers of the

same polarization. Therefore, photomixing setups are usually

FIG. 10. Linewidth over the tuning range as a function of the membrane

actuation current (Iinj ¼ 20 mA).

FIG. 11. Wavelength/frequency fluctuations of the heterodyned beat signal

of the DFB diode and wavelength-locked MEMS-VCSEL (VCSEL-A).

FIG. 12. Lorentzian fit to the time-averaged beat signal, showing an effec-

tive fluctuation bandwidth of 331 MHz.
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constructed using polarization-maintaining (PM) fibers. On

the one hand, polarization stability for MEMS-VCSELs is

achieved by incorporating a certain degree of anisotropic

gain/loss in the MQWs to break the polarization degener-

acy.28 The incorporated anisotropy avoids polarization

switching between the low-indexed crystal directions of the

active medium. On the other hand, the membrane itself can

act as a polarization-selective reflector incorporating aniso-

tropic losses. This applies particularly to a membrane with

geometrical asymmetries, i.e., with different radii of curva-

ture in the respective transverse directions resulting from

processing inaccuracies or stress in the membrane.

To characterize the polarization behavior of the MEMS-

VCSEL (VCSEL-A), the emitted beam is measured by a

large-area photodiode (PD) after passing through a rotatable

polarizer. The power emitted along the main emission axis of

VCSEL-A is denoted by Ppar, and that emitted in the direction

orthogonal to the first one by Porth. Figure 13 shows both of

these as functions of the injection current with IMEMS ¼ 23:86

mA and Ts ¼ 22 �C. VCSEL-A is polarization-stable, with a

parallel-to-orthogonal polarization suppression ratio (PSR)

> 20 dB for injection currents in the range 8.75–26 mA. The

maximum PSR of � 23 dB is obtained with Iinj ¼ 25 mA

(� 1550 nm), but is limited by the polarization–extinction

ratio of the setup. Figure 14 shows the polarization-resolved

CW tuning of the MEMS-VCSEL with Iinj ¼ 20 mA.

Excellent stability, with PSR >20 dB, is maintained for mem-

brane currents in the range 0–26.5 mA (1525–1556 nm), while

the maximum PSR of >24 dB is obtained at IMEMS ¼ 9:6 mA.

The PSR decreases at higher membrane currents, with the

minimum value of � 12 dB being obtained for IMEMS ¼ 37:58

mA. Tilt of the suspended membrane caused by fabrication

inaccuracies could result in degradation of the polarization,

for instance, if the beams holding the membrane are slightly

different. Depending on the nature of the initial asymmetry,

any significant mechanical movement of the membrane could

cause a substantial tilt, which in turn could favor the opposite

polarization. Both electrothermal heating and substrate tem-

perature affect the tilt and internal stress of the mirror mem-

brane. For VCSEL-A, a value of dk=dTs � �9:5 nm/K

causes a downward mechanical movement of the membrane

of � 2:54 lm (Ref. 27) for a temperature rise from 22 �C to

50 �C.27 For Iinj ¼ 20 mA and Ts ¼ 50 �C, Ppar and Porth are

shown in Fig. 15 as functions of the membrane current. With

increasing membrane current, the polarization switches at

IMEMS � 36 mA. With decreasing membrane current, it

switches at IMEMS � 28:6 mA, giving rise to hysteresis-like

behavior.

E. VCSEL-based THz photomixing setup

Figure 16 shows the experimental setup for THz photo-

mixing. A DFB diode and the MEMS-VCSEL (VCSEL-A)

drive a pair of commercial photomixers from TOPTICA

Photonics/Fraunhofer-Institut f€ur Nachrichtentechnik. The

injection current and stabilized substrate temperature are

20 mA and 22� C, respectively. The emission wavelength is

1525 nm with IMEMS ¼ 0 mA, as shown in Fig. 3. The optical

power is coupled to a PM fiber through an aspheric lens,

aligned to the slow axis of the PM fiber. The coupled power

in the fiber is 1.5 mW, 1% of which is tapped out for the

wavelength-locking and sweep circuit.7 The remaining power

is directed to the 95% port of a 95/5 PM coupler, where the

FIG. 13. Polarization-resolved L-I characteristics of VCSEL-A with

IMEMS ¼ 23:86 mA, k � 1550 nm, Ts ¼ 22 �C.

FIG. 14. Polarization-resolved CW tuning for Ts ¼ 22 �C.

FIG. 15. Polarization switch of VCSEL-A as a function of increasing (0 to

40 mA) and decreasing (40 to 0 mA) membrane current with Iinj ¼ 20 mA

and Ts ¼ 50 �C.
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DFB laser feeds the 5% port with a power of about 40 mW.

An unequal coupling from the two lasers balances the

power levels at the output port. A gain-flattened PM-EDFA

(PriTel, Model PMFA-20-IO) amplifies the combined

power to � 44 mW. The polarization-matched, equal-

amplitude power from the two lasers features a (tunable)

difference frequency in the THz range, which drives a

p–i–n photomixer (WIN-PD from Fraunhofer-Institut f€ur

Nachrichtentechnik/TOPTICA Photonics). An antenna

radiates the THz emission in free space. The THz detection

is accomplished by employing a photoconductor for homo-

dyne detection using a lock-in amplifier with a time con-

stant sLIA of 30 or 300 ms. The THz frequency bandwidth

of this setup is 2.75 THz, limited by the dynamic range of

the detector–source pair at the given laser power. In com-

parison with the previously reported non-PM setup7 with a

separate amplifier for each laser source, this setup is drasti-

cally simplified, using only one amplifier and only PM

components at 1550 nm.

To demonstrate the continuous tunability and frequency

coverage of the homodyne THz setup, VCSEL-A is tuned and

stabilized by the control circuit to a particular wavelength

between 1533.41 and 1570.41 nm covering the whole amplifi-

cation range of the EDFA. First, VCSEL-A is locked to

1533.41 nm. Optical beating of VCSEL-A with the longest

DFB laser wavelength of 1558.57 nm generates a bandwidth of

3.14 THz. A subsequent temperature tuning of the DFB laser

in steps of 100 MHz is carried out over its tuning range of

� 550 GHz, i.e., from 1558.57 to 1554.16 nm. Subsequently,

the control circuit tunes and locks VCSEL-A to a longer wave-

length with a step of 3–4 nm (corresponding to either � 400 or

� 500 GHz steps) followed by repeated temperature tuning of

the DFB laser. The wavelength step size of the VCSEL ensures

overlap of the individual DFB sweeps to get a continuous spec-

trum without any interruption. A scan with kVCSEL-A < kDFB is

shown in Fig. 17, where the individual DFB sweeps are indi-

cated by color sequences. The swept THz bandwidth from

3.14 THz to dc is limited solely by the noise floor of the photo-

mixing system to 2.75 THz. Since the setup is operated in

ambient air, several water lines are clearly visible. To ensure

rapid data acquisition, most data are recorded with sLIA ¼ 30

ms. Only for the three traces above 1.95 THz (the green, black,

and green traces in Fig. 17) is sLIA ¼ 300 ms used to reduce

the noise floor and extend the THz bandwidth. For sLIA ¼ 300

ms, a dynamic range of � 87.5 dB is obtained at 0.1 THz,

while this drops to � 50.3 dB at 1 THz. For sLIA ¼ 30 ms,

the dynamic range is 10 dB smaller, as also shown in Fig. 17.

In a similar way, Fig. 18 shows a scan from dc to 1.99 THz for

kVCSEL-A > kDFB. In this case, the THz bandwidth is limited by

the bandwidth of the PM-EDFA to a maximum difference fre-

quency of 1.99 THz. Therefore, the measurement demonstrates

a fully covered bandwidth of 4.74 THz (2.75 THzþ 1.99 THz).

This is 1.51 THz larger than the result previously reported by

our group.7 Improved photomixers with an extended bandwidth

FIG. 16. Schematic of the experimen-

tal THz setup, with broadband tunabil-

ity being accomplished by employing

the polarization-stable tunable MEMS-

VCSEL (VCSEL-A) at telecommuni-

cation wavelengths.

FIG. 17. Homodyne detection up to 2.75 THz for kVCSEL-A < kDFB. The

individual DFB sweeps are indicated by color sequences. Several water lines

are clearly visible. FIG. 18. Homodyne detection up to 1.99 THz for kVCSEL-A > kDFB.
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should allow for a sweep up to a THz bandwidth of 4.74 THz

using the present optical system with an appropriately cho-

sen DFB diode featuring a wavelength at the edge of the

EDFA gain region.

III. CONCLUSION AND OUTLOOK

The performance of a polarization-stable, electrother-

mally tunable MEMS-VCSEL has been investigated in detail

with the aim of using it in a tunable THz photomixing sys-

tem with an unprecedented bandwidth. Mode-hop-free THz

sweeping with an SMSR >50 dB covers a total span of 4:74

THz. The THz bandwidth is limited solely by the dynamic

range of the setup and the bandwidth of the EDFA that is

used, not by the MEMS-VCSEL, which offers an electrother-

mal tuning of 64 nm, corresponding to a maximum band-

width of 7.92 THz. The MEMS-VCSEL is polarization-

stable, provides a maximum fiber-coupled power of 1.5 mW,

and features a linewidth below 50 MHz over the entire tuning

range. It is therefore well suited for THz photomixing sys-

tems. As far as wavelength stability is concerned, noise from

electronic, acoustic, and mechanical sources causes long-

term frequency fluctuations of the on-wafer MEMS-VCSEL

of 331 MHz over a time span of 20 s. Packaging and isolation

from acoustic and electronic noise sources should improve

stability. Further fluctuations can be canceled using a fast

wavelength-locking circuit employing electrostatic stabiliza-

tion with a locking bandwidth significantly above the

mechanical resonance frequencies of the membrane DBR

(� 280 kHz for the first-order resonance and �1.2 MHz for

the third-order resonance), stabilizing toward the intrinsic

linewidth of about 40 MHz. Such electrostatically tunable

MEMS-VCSELs will be the subject of future work.
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