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O pti c al i nj e cti o n l o c ki n g of a T H z q u a nt u m -c a s c a d e 
V E C S E L wit h a n el e ctr o ni c s o ur c e  
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O pti c al i nj e cti o n l o c ki n g of a m et a s u rf a c e q u a nt u m -c a s c a d e ( Q C ) v e rti c al -e xt e r n al -c a vit y s u rf a c e -e mitti n g -l a s e r ( V EC S E L ) 
i s d e m o n st r at e d at 2. 5 T H z u si n g a S c h ott k y di o d e f r e q u e n c y m ulti pli e r c h ai n  a s t h e i nj e cti o n s o u r c e. T h e s p e ct r al 
p r o p e rti e s of t h e s o u r c e a r e t r a n sf e r r e d t o t h e l a s e r o ut p ut wit h a l o c k e d li n e wi dt h of ~ 1 H z, a s m e a s u r e d b y a s e p a r at e 
s u b h a r m o ni c di o d e mi x e r, a n d a l o c ki n g b a n d wi dt h of ~ 3 0 0 M H z i s a c hi e v e d. T h e l a r g e l o c ki n g r a n g e i s e n a bl e d b y t h e 
mi c r o w att p o w e r l e v el s a v ail a bl e f r o m m o d e r n di o d e m ulti pli e r s. T h e i nt e r pl a y b et w e e n t h e i nj e ct e d si g n al a n d f e e d b a c k 
f r o m e xt e r n al r efl e cti o n s i s st u di ed a n d d e m o n st r at e d t o i n c r e a s e o r d e c r e a s e l o c ki n g b a n d wi dt h r el ati v e t o t h e cl a s si c 
l o c ki n g r a n g e d e p e n di n g o n t h e p h a s e of t h e f e e d b a c k.  

T u n a bl e, si n gl e -m o d e t er a h ert z ( T H z) q u a nt u m -c a sc a d e l a s er s 
( Q C Ls) h a v e m a n y p ot e nti al s p e ctr osc o pi c a p pli c ati o ns t h a n ks t o 
t h e a b u n d a nc e of str o n g m ol e c ul ar a n d at o mi c tr a nsiti o ns i n t h e 
T H z fr e q u e nc y r a n g e [ 1, 2]. T h eir milli w att -l e v el o ut p ut p o w er 
m a k e s t h e m attr a cti v e c a n di d at e s f or l oc al o s cill at or s t o p u m p 
mi x er arr a ys i n h et er o d y n e i nstr u m e nts i n t h e 2 -6 T H z r a n g e f or 
a str o p h y sic al a n d s p a c e s ci e n c e  [ 3, 4]. H o w e v er, t h e fr e e -r u n ni n g 
fr e q u e nc y of T H z Q C Ls ( a n d m o st s e mi c o n d u ct or l a s er s) is oft e n t o o 
u nst a bl e t o a c hi e v e t h e s p e ctr al r e s ol uti o n n e c e s s ar y f or 
a p plic ati o ns of i nt er e st. T hi s r e q uir e s t h e Q C L t o b e l o c k e d t o a m or e 
st a bl e r ef er e nc e. F or T H z Q C L s, t hi s h a s t y pi c all y b e e n p erf or m e d 
b y d o w n -c o n v erti n g t h e T H z l a s er si g n al t o g e n er at e a n R F 
i nt er m e di at e fr e q u e n c y (I F) t h at c a n b e l o c k e d t o a r ef er e n c e u si n g 
a p h as e -l oc k e d l o o p. F or e x a m pl e, t his w as a c hi e v e d b y mi xi n g t h e 
Q C L si g n al wit h a t o n e of a s u b h ar m o nic S c h ott k y di o d e mi x er  [ 5-7]  
or s u p erl atti c e mi x er  [ 8]. L o c ki n g t o t h e o ut p ut of a 1. 5 T H z a n d 2. 7 
T H z S c h ott k y di o d e fr e q u e nc y m ulti pli er c h ai n ( F M C) h a s als o b e e n 
d e m o nstr at e d utili zi n g cr y o g e nic s u p er c o n d u cti n g mi x er s  [ 9, 1 0]. 
O pti c al fr e q u e n c y c o m bs h a v e als o b e e n us e d t o l oc k T H z Q C Ls vi a 
g e n er ati o n of a n R F b e at n ot e i n a p h ot oc o n d u cti v e mi x er  [ 1 1], 
el e ctr o o pti c s a m pli n g i n a Z e T e cr yst al  [ 1 2], or a s u p er c o n d u cti n g 
mi x er  [ 1 3]. 

A diff er e nt a p pr o a c h f or st a bili z ati o n is t o dir e ctl y i nj e cti o n l o c k a 
T H z Q C L wit h a m or e st a bl e T H z s o ur c e. T his a p pr o a c h i s us u all y 
c h all e n gi n g b e c a us e of t h e l a c k of s uffi ci e ntl y p o w erf ul T H z s o ur c e s. 
T h e o nl y pr e vi o u s d e m o nstr ati o n w a s a p h ot o ni c a p pr o a c h  i n 
w hi c h t h e T H z i nj e cti o n si g n al w as g e n er at e d b y a p h ot o c o n d u cti v e 
a nt e n n a dri v e n b y t h e b e at n ot e  of  t w o i nfr ar e d di o d e l as er s l oc k e d 
t o t h e t e et h of a n o ptic al fr e q u e nc y c o m b [ 1 4, 1 5]. H o w e v er, 

el e ct r o ni c s o ur c e s –  s u c h as S c h ott k y di o d e fr e q u e n c y m ulti pli er 
c h ai ns ( F M Cs) –  h a v e r e a c h e d a l e v el of m at urit y t h at t e ns of 
mi cr o w att s of T H z p o w er c a n b e g e n er at e d at fr e q u e nci e s a b o v e 2 
T H z  [ 1 6], w h er e T H z Q C L s o p er at e. I n t hi s L ett er, w e r e p ort dir e ct 
i nj e cti o n l oc kin g of a T H z Q C v ertic al -e xt er n al -c a vit y s urf a c e -
e mitti n g l a s er ( V E C S E L) t o t h e o ut p ut of a fr e q u e n c y-a gil e di o d e 
F M C s o ur c e at 2. 5  T H z. T h e hi g h p o w er fr o m t h e F M C s o ur c e all o ws 
f or l ar g e l oc ki n g b a n d wi dt h s c o m p ar e d t o t h e fr e e-r u n ni n g 
li n e wi dt h of t h e l a ser.  

T h e e x p eri m e nt al s et u p i s ill u str at e d i n Fi g. 1( a), a n d a si m plifi e d 
s c h e m atic i s s h o w n i n Fi g. 1( b). T h e F M C s o ur c e i s si mil ar  ( b ut n ot 
i d e ntic al) t o t h at i n [ 1 7] a n d c o nsi st s of a 1 5. 4 3 G H z s y nt h e si z e d 
si g n al, f oll o w e d b y a × 6 m ulti pl yi n g a m plifi er ( Millit e c h A M C -1 C -
R F H 0 0), a 1 0 0 G H z p o w er a m pli fi er [ 1 8], a n d t hr e e m or e fr e q u e nc y 
tri pl er s [ 1 7-1 9]  f or a t ot al m ulti pli c ati o n f a ct or of × 1 6 2. T h e s o ur c e 
o ut p ut ~ 7 µ W at 2. 5 T H z a n d i s c o u pl e d t o t h e Q C -V E C S E L vi a off -
a xi s p ar a b oli c ( O A P) mirr or s. T h e o ut p ut of t h e Q C -V E C S E L i s 
m o nit or e d wit h hi g h -s p e ctr al r es ol uti o n vi a a 3 µ m t hi c k M yl ar 
b e a m s plitt er t h at di v ert s a s m all p orti o n of t h e Q C -V E C S E L o ut p ut 
t o a s u b h ar m o ni c di o d e mi x er. T h e mi x er ( b a s e d o n d esi g n i n [ 7]) is 
p u m p e d b y a 1 0 0 G H z L O c h ai n a n d t h e Q C -V E C S E L si g n al mi x es 
wit h t h e 2 5 t h h ar m o nic. T h e I F fr o m t h e mi x er  i s  a m plifi e d  b y  6 0  
d B  a n d   s e nt  t o  a  K e y si g ht  P X A  si g n al a n al y z er. T h e t w o 
s y nt h e si z er s f or t h e F M C a n d mi x er w er e l o c k e d t o a c o m m o n 1 0 
M H z q u art z r ef er e n c e os cill at or. N o o ptic al i s ol at or s ar e a v ail a bl e 
f or t hi s fr e q u e nc y r a n g e, h o w e v er, si nc e t h e F M C is n ot a 
f u n d a m e nt al o scill at or, m ut u al i nj e cti o n-l o c ki n g i s n ot a n is s u e. 

As w ell as t h e u s e of a n all -el e ctr o ni c T H z s o ur c e, t h e u s e of t h e  
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Fig. 1. (a) Block diagram of injection locking experimental setup. Beam paths 
for the QC-VECSEL and FMC are indicated with red and green arrows, 
respectively. (b) Simplified illustration emphasizing relevant coupled fields. 

 
external-cavity QC-VECSEL [20] rather than a ridge waveguide adds 
a novel component to this study. The QC-VECSEL is based on a 
metasurface reflectarray of metal-metal waveguide patch antennas 
loaded with QC gain material that amplifies and reflects normally 
incident THz radiation. A laser is formed by incorporating the 
metasurface amplifier into an external cavity that provides 
sufficient feedback to enable oscillation. A key advantage of the QC-
VECSEL approach is that the large radiating area of the metasurface 
supports a high-quality, near-Gaussian beam in the external cavity, 
overcoming an issue that has plagued ridge-waveguide devices 
with subwavelength facet emitters [21]. This point is also 
interesting for the prospects of injection locking as it is potentially 
easier to couple the injected signal power to the large surface-
radiating area of the VECSEL compared to the facet of a ridge 
waveguide. In [14], <10% of the injected THz power was assumed 
to be coupled to the QCL due to mode mismatch between the free-
space beam and the surface-plasmon ridge waveguide mode, and 
the situation would be worse for a metal-metal waveguide, which is 
the preferred technology for high-temperature operation [22]. 
Additionally, both QC-VECSEL and FMC sources have shown 
broadband frequency tunability (>10%) [17, 23], potentially 
enabling a broadband locked setup. 

The metasurface and VECSEL cavity used in this study are the 
same as in [5]. The metasurface consists of an array of narrow 
metal-metal ridge waveguides spaced with a subwavelength 
periodicity (85 µm), and loaded with THz QC gain material. The 
active region is based on that in [24] and is grown 5 µm thick for 
improved  continuous-wave  operation  (the layer  sequence is given  
in [25]). The ridge antennas are coupled to surface radiation where 
the resonant frequency of 2.5 THz is determined by the width of the 
ridges (17.4 µm). The metasurface has a total area of 2×2 mm2, but 
only a circular area 0.8 mm in diameter is biased. Additionally, the 
widths of the ridges are spatially varying to create a focusing phase 
profile with a focal length of 7 mm [21]. The metasurface is mounted 

Fig. 2. (a) QC-VECSEL voltage and output power versus current density. (b) 
Lasing frequency as a function of bias on the QC-VECSEL with and without 
feedback from reflections at the FMC waveguide block. Note: gaps in the data 
with the FMC not blocked are a result of recording the data at a set of discrete 
points, not due to a lack of lasing 

 
in an external cavity that has a fixed cavity length and uses a set of 
three screws and springs to attach and align the output coupler 
(feedback mirror) in a kinematic manner. The output coupler is 
made in-house and consists of a mesh of 3 µm wide metal lines 
deposited at a 15 µm pitch on a 200 µm thick z-cut crystal quartz 
substrate and has a transmission of ~12% at 2.5 THz. The QC-
VECSEL cavity was ~450 µm long and lasing occurred at 2.51 THz. 
The current, voltage, and output power data for the QC-VECSEL are 
plotted in Fig. 2(a). The device emits ~1.2 mW of continuous wave 
THz power at 77 K. 

In Fig. 2(b), the free-running QC-VECSEL frequency as a function 
of bias is plotted with and without the FMC aligned, but with the 
FMC output off in both cases. Without the FMC aligned, the 
frequency tuning is continuous, but with the FMC aligned, the 
frequency tuning becomes largely discrete with small amounts of 
continuous tuning around steps spaced by ~330 MHz. This is the 
standard behavior for a laser locked to time-delayed feedback 
associated with reflections of the QC-VECSEL signal at the FMC 
block, as described in [26, 27]. This feedback is illustrated in Figs. 
1(a) and (b). The discrete frequencies correspond to frequencies 
where the round-trip phase accumulation between the QC-VECSEL 
and the FMC (𝜏𝑒𝑥𝑡) is a multiple of 2π; the spacing between these 
frequencies is given by Δ𝑓𝑟𝑒𝑓𝑙 = 1 𝜏𝑒𝑥𝑡⁄ . The discrete hopping 

observed indicates that 𝜅𝜏𝑒𝑥𝑡√𝑃𝑟𝑒𝑓𝑙 𝑃𝑜𝑢𝑡⁄ > 1, which is the point 

when multiple solutions occur for a single free-running frequency. 
𝑃𝑟𝑒𝑓𝑙  is the power of the reflected signal fed back into the QC-

VECSEL, 𝑃𝑜𝑢𝑡  is the output power of the QC-VECSEL, and 𝜅 =
𝜔𝑙𝑎𝑠𝑒 2𝑄⁄  is the coupling efficiency between the fed-back signal 
and the VECSEL, where 𝜔𝑙𝑎𝑠𝑒  is the lasing frequency, and 𝑄 is the 
quality factor of the VECSEL cavity. In our setup, 𝑄 ≈ 200, 𝜏𝑒𝑥𝑡 =
3 ns, and 𝑃𝑜𝑢𝑡 = 1 mW at 2.5 THz, so the feedback power should 
at least be 70 nW. 

In Fig. 3(a), the output of the FMC is turned on, and average IF 
spectra from the diode mixer are recorded as the FMC output 
frequency is swept across the QC-VECSEL lasing frequency. The 
averaged free-running VECSEL signal is observed as a broad feature 
in the center of the figures (3 dB linewidth on the order of 10 MHz, 
but occasional excursions over 100 MHz). The sharp diagonal 
feature sweeping across the figures is the injected tone. When the 
injected frequency is close enough to the free-running frequency of 
the QC-VECSEL, the frequency of the laser is pulled, and becomes 
locked to the FMC and takes on the FMC’s narrow-band spectral 
properties, as shown in Fig. 3(c). The locked linewidth is ~1 Hz with 
~40 dB SNR. Sidebands around 20-30 dB below the main tone are 



Fig. 3 Injection locking IF spectra when the free-running laser frequency is 
aligned with (a) in-phase feedback and (b) out-of-phase feedback. Axes 
represent relative frequency, not absolute. (c) High spectral resolution 
measurements of locked QC-VECSEL linewidth (signal analyzer resolution 
bandwidth set to 1 Hz). (d) Simulated locking bandwidth as a function of 
free-running laser frequency. The classic Adler locking range is indicated 
with a dashed line for reference. 
 
observed at harmonics and subharmonics of 60 Hz, which likely 
originate from the FMC experiencing power line pick up from the 
reference source, as observed in [17]. The SNR is limited by the FMC, 
which is degraded by a factor of  20×log10(162) = 44 dB compared 
to the starting RF synthesizer SNR. It is noted that the FMC signal is 
still visible, even when detuned from the QC-VECSEL frequency, this 
is presumably because the VECSEL amplifies the off-resonant FMC 
signal, not because any portion of the laser power is locked to the 
FMC. 

Traditionally, the locking bandwidth as a result of an injected 
signal is given by the Adler expression, which is proportional to the 
square root of the ratio of the injected power to the output power of 

the laser, Δ𝜔𝐴𝑑𝑙𝑒𝑟 = 2𝜅√𝑃𝑖𝑛𝑗 𝑃𝑜𝑢𝑡⁄  [28].  However, in our setup, 

we observe that the locking bandwidth changes depending on the 
distance from the QC-VECSEL to the FMC, despite a constant 𝜅, 𝑃𝑖𝑛𝑗 , 

and 𝑃𝑜𝑢𝑡 . This is because the locking bandwidth depends on the the 
phase of the feedback from reflections at the FMC block. Consider 
the two measured cases in Fig. 3(a) and (b). Between the two 
sweeps, the biases on the QC-VECSEL and FMC are fixed (power 
levels are fixed), but the distance between the QC-VECSEL and FMC 
is tuned by a quarter wavelength (~30 µm) using a micrometer. 

This changes the alignment of the free-running QC-VECSEL 
frequency relative to the frequencies for in-phase feedback from 
reflections at the FMC block ( 𝑓𝑟𝑒𝑓𝑙 = 𝑚 𝜏𝑒𝑥𝑡⁄ , where m is an 

integer). In Fig. 3(a), the free-running frequency is aligned with in-
phase feedback, and in Fig. 3(b), the free-running frequency is 
aligned with out-of-phase feedback (round trip phase accumulation 
is an odd multiple of π). The locking range is larger when the free-
running frequency is aligned with out-of-phase feedback. 
Qualitatively, this can be explained by the fact that locking is a result 
of reducing threshold gain for the laser at the injected signal. When 
the feedback is out-of-phase, this increases the threshold gain of the 
QC-VECSEL relative to the free-running case, making the laser more 
amenable to locking to gain reductions associated with the FMC 
injected signal. When the feedback is in-phase, this reduces the 
threshold gain relative to the free-running case, creating stronger 
competition with locking to the FMC injected signal.  

Numerically, the problem can be modeled using the standard rate 
equation for the phase difference between the laser and the injected 
signal [29]: 

𝑑𝜙(𝑡)

𝑑𝑡
=

𝛼

2
{𝑔[𝑁(𝑡) − 𝑁𝑡ℎ]} − 𝜅√

𝑃𝑖𝑛𝑗

𝑃𝑜𝑢𝑡(𝑡)
sin 𝜙(𝑡) − Δ𝜔      (1) 

where Δ𝜔  is the difference between the free-running and injection 
frequencies, 𝑁(𝑡) and 𝑁𝑡ℎ  are the real-time and threshold number of 
carriers, 𝑔 is the gain coefficient, and 𝛼  is the linewidth enhancement 
factor, which we assume to be 0 for quantum-cascade lasers [30].  In the 
case of feedback from reflections at the mixer, the phase is fixed as 
𝜙𝑟𝑒𝑓𝑙 = 𝜔𝑙𝑜𝑐𝑘𝜏𝑒𝑥𝑡 , and one can solve for Δ𝜔. In the case of external 

injection, we can select Δ𝜔 and solve for the necessary injection phase 
for locking, giving the standard Adler expression given above. To 
understand the locking conditions in the combined case, we can solve 

(1) with √𝑃𝑖𝑛𝑗 sin 𝜙 = √𝑃𝐹𝑀𝐶 sin 𝜙𝐹𝑀𝐶 + √𝑃𝑟𝑒𝑓𝑙 sin(𝜔𝐹𝑀𝐶𝜏𝑒𝑥𝑡) , 

where 𝑃𝐹𝑀𝐶 , 𝜔𝐹𝑀𝐶 , and 𝜙𝐹𝑀𝐶  are the power, frequency, and relative 
phase of the FMC signal. We find the phase condition:  

𝜙𝐹𝑀𝐶 = sin−1 {−
Δ𝜔

𝜅
√

𝑃𝑜𝑢𝑡

𝑃𝐹𝑀𝐶
− √

𝑃𝑟𝑒𝑓𝑙

𝑃𝐹𝑀𝐶
sin(𝜔𝐹𝑀𝐶𝜏𝑒𝑥𝑡)}, 

which gives the following limitation on the range of solutions for the 
lower (𝜔𝑖𝑛𝑗 < 𝜔𝑓𝑟𝑒𝑒) and upper (𝜔𝑖𝑛𝑗 > 𝜔𝑓𝑟𝑒𝑒) bands by setting the 

argument equal to plus and minus one, respectively:  

Δω = ±𝜅√
𝑃𝐹𝑀𝐶

𝑃𝑜𝑢𝑡
[1 ∓ √

𝑃𝑟𝑒𝑓𝑙

𝑃𝐹𝑀𝐶
sin(𝜔𝐹𝑀𝐶𝜏𝑒𝑥𝑡)]. 

 
These are the same solutions as the typical injection locking bandwidth 
expression, but scaled by the terms in brackets, which oscillate 
sinusoidally around one as the free-running frequency scans relative to 
𝜏𝑒𝑥𝑡 . While the solution range for either sideband can be larger than that 

for typical injection locking by a factor of 1 + √𝑃𝑟𝑒𝑓𝑙 𝑃𝐹𝑀𝐶⁄  when 

sin(𝜔𝐹𝑀𝐶𝜏𝑒𝑥𝑡) = ±1, the value of 𝜔𝑓𝑟𝑒𝑒  that satisfies this condition is 

different for the two sidebands, so the maximum solution range for a 

given 𝜔𝑓𝑟𝑒𝑒  is not simply 2 × (1 + √𝑃𝑟𝑒𝑓𝑙 𝑃𝐹𝑀𝐶⁄  ). To determine the 

locking range, we must solve for the gain reduction at each frequency 

( Δ𝑔𝑡ℎ ∝ √𝑃𝑖𝑛𝑗 𝑃𝑜𝑢𝑡⁄ cos 𝜙 ) with and without the FMC output on 

(feedback present in both cases) and compare. 
In Fig. 3(d), the predicted locking range as a function of the free-

running QC-VECSEL frequency is plotted assuming an FMC power of 
450 nW, and a reflected power of 100 nW. This give a good agreement 
between the maximum and minimum locking ranges we observed 
experimentally and is also in agreement with the apparent strength of 



the feedback based on the data in Fig. 2(b). This implies -13 dB coupling 
of the FMC to the QC-VECSEL. This low coupling efficiency suggests that 
the FMC and QC-VECSEL beams are not matched very well. The Adler 
locking range that would be expected without any feedback is indicated 
with a dashed line and is quite similar to 1 𝜏𝑒𝑥𝑡⁄ . In this case, the 
injection locking range is largely unperturbed for most free-running 
frequencies, but it is reduced sharply when aligned well with in-phase 
feedback. If 𝜏𝑒𝑥𝑡  were reduced and 𝑃𝑟𝑒𝑓𝑙  increased, the locking range 

could increase substantially for the given injection power (see 
Supplement). Or similarly, the existing setup would give a much larger 
boost in locking range (relative to the Adler expression) if 𝑃𝐹𝑀𝐶  was 
smaller. 

In conclusion, we have demonstrated direct injection locking of a THz 
QC-VECSEL using the output of a THz Schottky diode frequency 
multiplier chain. A locking range of >300 MHz is demonstrated thanks 
to the high injection power from the FMC. Locked linewidths are on the 
order of ~1 Hz, reflecting the spectral characteristics of the FMC. This 
large locking range is particularly useful when considering that, in 
practice, the laser should be locked with a small amount of the FMC 
power coupled in via a beam splitter, leaving most of the laser power 
available to the heterodyne instrument. Direct injection locking 
presents advantages over active stabilization schemes that use the bias 
on the laser to correct for error, such as reduced amplitude noise and 
broader locking bandwidth. Future work may explore the injection 
locking of broadly tunable VECSELs. With the ever-improving power, 
bandwidth, frequency coverage, and commercial availability of THz 
FMCs, we envision the possibility of hybrid electronic-photonic systems 
for coverage of frequencies from 2-6 THz for high precision 
spectroscopy applications. 
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