IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 17, NO. 1, JANUARY/FEBRUARY 2011 79

Ultrasensitive, Room Temperature Detection of THz
Radiation Using Nonlinear Parametric Conversion

Mohammad Jalal Khan, Jerry C. Chen, Zong-Long Liau, and Sumanth Kaushik

(Invited Paper)

Abstract—We demonstrate ultrasensitive, room temperature op-
tical detection of terahertz by using nonlinear parametric upcon-
version. Terahertz radiation is mixed with pump light at 1550 nm
in quasi-phase-matched GaAs crystal to generate an optical side-
band or idler wave that is coupled into optical fiber and detected
using a Geiger-mode APD. The resulting terahertz detector has a
noise equivalent power of 78 fW/Hz'/? with a timing resolution of
1ns.

Index Terms—Optical frequency conversion, optical phase
matching, submillimeter wave detectors, submillimeter wave fre-
quency conversion.

I. INTRODUCTION

ERAHERTZ radiation has attracted a lot of interest in re-
T cent years. Its penetrating capability, nonionizing nature,
and the fact that many materials have fingerprint spectra at this
frequency regime have resulted in increasing use of terahertz
radiation for standoff sensing applications like explosive detec-
tion [1], penetrative imaging [2], nondestructive evaluation [3],
biomedical imaging [4], drug interdiction [5], and vibration
sensing [6]. The capability of these systems depends directly on
the availability of high-power terahertz sources and ultrasensi-
tive, fast terahertz detectors. Both these technology areas are be-
ing actively researched [5], [7]. However, compared to the near
infrared, terahertz technology is relatively immature. Commer-
cially available, room temperature direct detectors, like Golay
cells and pyroelectric, have poor sensitivities. Other commercial
terahertz detectors, like bolometers, are much more sensitive but
require liquid helium cooling, and like their room temperature
counterparts, have small electrical bandwidths. In contrast, opti-
cal detectors are a mature and commercial technology that offers
excellent sensitivity with large bandwidths and room tempera-
ture operation. Photon multiplier tubes and Geiger-mode APDs
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Fig. 1. Terahertz detector concept that leverages optical technologies to per-
form ultrasensitive, room temperature detection.

(GM-APDs) enable detection down to the single-photon limit
at room temperature, with very fast performance [8], [9].

As a result, researchers have used various optical pumps and
nonlinear crystals to frequency upconvert terahertz waves to op-
tical signals for detection with optical components. Many groups
used lithium niobate; their pumps were Nd: YAG [10]-[12] and
ti-sapphire [13]. Nd:YAG pumps were also used with ZnGeP,
[14], GaSe [15], and GaP [16] detecting sub-nJ terahertz pulses.
At cryogenic temperatures, a group achieved a power conver-
sion efficiency of 4.5 x 1070 with 1.3-um pump and GaAs
crystal [17]. Recently, a 1.3-pum pump was paired with DAST
for terahertz detection [12].

Our scheme to detect terahertz waves leverages telecommu-
nications or 1550-nm technologies to enable ultrasensitive room
temperature detection. We employ GaAs, a x(?) nonlinear crys-
tal pumped with a readily obtainable erbium-doped fiber ampli-
fier, to parametrically upconvert a terahertz signal to telecomm
wavelengths for subsequent detection by an optical detector. Our
initial work used a low-cost InGaAsP p-i-n [18]. Subsequently,
we used a GM-APD achieving 4.5 pW/Hz!/? noise equivalent
power (NEP) with 1 ns temporal resolution [19]. x(*) nonlinear
interactions are intrinsically very fast; our temporal bandwidth
was limited by the optical detector.

In this paper, we improve our previous NEP by over 50 times.
This NEP of 78 fW/Hz!'/? and power conversion efficiency of
1.2 x 1073 are the best reported, to our knowledge. Terahertz
detection is improved by diffusion bonding and AR coating
the GaAs, and by increasing optical pump powers. This paper
presents both theoretical and experimental results.

II. EXPERIMENTAL LAYOUT

A schematic representation of a terahertz detector using this
technique is shown in Fig. 1. In our study, we have used GaAs
as the nonlinear material to perform upconversion. GaAs was
chosen because of its high X(Q) nonlinear coefficient [20] and
low absorption losses at terahertz and optical frequencies [21].
Our transmission measurements found losses to be 0.2 and
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Fig. 2. Experimental layout of terahertz detector.

0.065 cm ™! at terahertz (0.5-0.7 THz) and optical frequencies
(near 193 THz), respectively.

The upconversion experimental layout is shown in Fig. 2. In
our experiments, we employed two different terahertz sources.
One was a backward wave oscillator (BWO) from Microtech
Instruments. The other was Virginia Diode Inc’s amplified mul-
tipler chain (VDI-AMC). Both terahertz sources produced a
tunable, continuous-wave signal. We operated them around the
frequency that produced maximum power. For the BWO, this
was around 700 GHz, where it provided about 2.5 mW as mea-
sured by using a Thomas—Keating power meter. The VDI-AMC
was typically operated at 820 GHz, where it produced 120 pW.
Although the BWO produces higher power, it is multimoded;
by comparison, the VDI-AMC produced a near Gaussian mode,
which is more suitable for frequency conversion. The terahertz
source radiation was collected and reimaged onto the GaAs
crystal by using a pair of 3-in diameter, off-axis parabolic gold
mirrors; the crystal position was adjusted such that the beam
waist was centered inside the crystal. In our experiments, we
employed both bulk and quasi-phase-matched (QPM) crystals.
With bulk crystals, the length of GaAs was constrained to the
coherent buildup length [22] calculated to be about 4 mm at the
operating terahertz frequency based on the reported indices of
refraction [21].

Our high-power optical pump source was seeded by an Agi-
lent external cavity tunable laser diode operated at 1550 nm. The
1550-nm light was routed into a semiconductor optical amplifier
(SOA) whose supply current was switched with a 10-ns-wide
pulse at a 50-kHz repetition rate. The rise and fall time of the
SOA was measured to be about 3.5 ns and the resulting pump
pulsewidth was about 6.5 ns. The output of the SOA was op-
tically filtered, amplified, and passed through a second filter
stage to reduce out-of-band amplified spontaneous emission.
Finally, this signal was amplified to the operating power levels
by using a high-power, large mode area erbium-doped fiber am-
plifier (EDFA). The resulting high-power optical source is very
flexible and allows easy adjustment of power, pulsewidth, and
repetition rate. The typical operating pump power was about
1-2 W average, which corresponds to a 2—4 kW peak power.
The optical pump radiation was collimated to a spot size of
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Fig. 3. Optical spectrum of the high-power, pulsed optical pump.

about 0.9 mm and then passed through two free-space notch or
bandpass filters. The filters were each angle tuned for maximum
transmission at 1550 nm and had an insertion of loss of less than
1 dB per filter. The filter’s 3-dB bandwidth was about 130 GHz
with an out-of-band rejection of about 30 dB per filter. This fil-
tering suppressed the optical noise that was produced by the last
stage high-power EDFA, enabling easier detection of the idler.
The M? factor of the last stage power amplifier was about 2. In
our experiments, the typical optical pump intensity inside the
GaAs crystal was about 200 kW/cm?. The two-photon absorp-
tion coefficient of GaAs at 1550 nm is about 10 cm/GW [22];
consequently, nonlinear absorption does not contribute signifi-
cantly to material loss until intensities approach 100 MW/cm?.
Our measurements of two-photon absorption in GaAs were con-
sistent with this data. Given the operating pump intensities in
our experiments, two-photon absorption effects were negligible.
The optical pump was copropagated with the terahertz waves by
employing a 5-mm glass prism centered at the second parabolic
gold mirror. The small size of the glass prism ensured that the
terahertz beam was minimally occluded.

The overlapping terahertz and optical radiation nonlinearly
mix in the GaAs to generate the optical idler. The terahertz signal
is vertically linearly polarized, whereas the pump is randomly
polarized. We used an in-line polarization rotator prior to the
last EDFA to maximize the generated idler [23]. The optical
idler is then separated from the pump by using three free-space
long-pass filters in series. Each filter had a transition band of
about 4 nm and a rejection of about 25 dB. The filters were angle
tuned to reflect the 1550-nm pump light but to pass wavelengths
exceeding 1554 nm. We verified that pump rejection through
these three filters exceeded 70 dB; this measurement was limited
by detector noise. The idler suffered an aggregate insertion loss
of about 4 dB through the filters. We did not make any special
effort to separate the terahertz beam from the idler. Since the
terahertz beam is a rapidly expanding beam and is not collected
by the 1550-nm optics, this was not a concern; additionally, the
optical detector is not sensitive to the terahertz radiation. Fig. 3
shows the spectrum of optical source at a resolution bandwidth
of 0.1 nm. The optical spectrum was measured coming out of the
last stage EDFA. The fiber collimator that sends light to the Ando
optical spectrum analyzer (OSA) was purposely misaligned to
avoid instrument damage. As can be seen, the optical source has
an optical SNR in excess of 25 dB.
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Fig. 4. RF spectrum of New Focus 2153 p-i-n diode output; the optical idler
shows up as a clear tone at the chopper frequency.

The idler photons can then be coupled either into fiber or
routed to a p-i-n diode using a flip mirror. We retained the
ability to route the idler beam into a p-i-n diode, as in [18], to
enable independent optimization of the upconversion process
and coupling of the idler signal into fiber. Initially, the idler
generation was maximized by optimally coaligning the terahertz
and optical pump beams and then we coupled the idler beam
into fiber by removing the flip mirror and using the six-axis
fiber collimator. Once in fiber, the idler is routed via a JDS
Uniphase switch/attenuator into a Princeton Lightwave GM-
APD. Alternately, the light can be coupled into an Ando OSA
or to a power meter. The terahertz beam is chopped only when
the p-i-n diode is employed; the chopper is removed when idler
light is coupled into the GM-APD via the optical fiber.

III. EXPERIMENTAL RESULTS

A. Bulk Versus QPM GaAs

As part of the upconversion optimization, the idler was ini-
tially detected using a New Focus 2153 p-i-n diode with an
NEP ~23 fW/Hz!/2. The terahertz signal was chopped at
49.5 Hz to allow additional discrimination between the gen-
erated idler and any remnant pump. The idler power is detected
by looking at the p-i-n diode output on an audio spectrum ana-
lyzer; alternately, a lock-in amplifier could have been employed.
Since the idler is proportional to the product of the terahertz sig-
nal and the optical pump, it is produced at the chopper frequency,
unlike the unchopped pump. Therefore, any signal at the chop-
per frequency detected by the diode must correspond to idler
power. Fig. 4 shows the electrical spectrum of the p-i-n diode
signal. We see a clear spectral tone at the chopper frequency,
along with higher harmonics, that together correspond to the
idler. To confirm that the harmonics are indeed due to idler
power, we turned OFF the BWO, and the tones at the chopper
frequency disappeared, as is evident in Fig. 4. The peaks at 60,
120, and 180 Hz correspond to electrical line noise. By integrat-
ing the power spectral density (PSD), measured in volts?/Hertz,
over the spectral peak, we can measure the average idler power,

Optical side-band generated from THz upconversion
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crystal shows a 5 dB improvement over bulk GaAs.

given by

1 +f 1/2
Plater = = { / PSD df] (1)
o Loy

where R, is the responsivity of the p-i-n diode in volts/watts.

We measured the idler power produced by bulk GaAs crystals
of varying lengths using this technique. Fig. 5 shows a plot of
measured idler power versus length. As expected, the conversion
efficiency only increases up to the coherent buildup length and
then decreases. This is because the optical and terahertz waves
walk out of phase such that when the phase difference is ,
the idler and the terahertz waves recombine to form the pump.
Theoretically, we can estimate the detected power by using the
following expression [23]:

2 2712
8 (deff) L IPumpTFiltersTFresnel
CELNTNINP A%

PIdler =

2
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where d.g is the effective nonlinearity, L is the length of the
crystal, Ip,y ), is the pump intensity, and ny, n7, and np are the
refractive indexes at the terahertz, idler, and pump frequencies,
respectively. Ak = kp — k; — kyp is the wave vector mismatch.
Trirters 18 the combined insertion loss of the filters and Trresnel
is the transmission coefficient of the idler at an uncoated GaAs
crystal interface. There was excellent agreement between the
theoretically calculated idler power and the measured result.
For these measurements, the terahertz source was operated at
700 GHz; at this frequency the coherent buildup length is nearly
4 mm based on reported refracted indexes of GaAs [21]. From
theory, we expect no upconversion to occur at twice the coherent
buildup length; this agrees well with the observed results (see
Fig. 5).

The noise performance of the terahertz receiver improves
linearly with the terahertz-to-optical conversion efficiency. The
conversion efficiency is quadratically related to the length of



82 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 17, NO. 1, JANUARY/FEBRUARY 2011

Fig. 6. Diffusion bonding process is used to create QPM GaAs crystals by
fusing together two and three orthogonal pieces of bulk GaAs.

nonlinear medium up to the coherent buildup length. To in-
crease the efficiency further, we must overcome the walk off
by using specially designed QPM GaAs crystals. A QPM GaAs
crystal reverses the polarity of the nonlinearity just as the op-
tical and terahertz beams have slipped out of phase by 7 ra-
dians [23], by stacking alternating orthogonal orientations of
GaAs crystal. We fabricated QPM crystals by a diffusion bond-
ing process [24], [25] depicted in Fig. 6. Bulk 4-mm-thick GaAs
crystals of orthogonal orientation were put inside a graphite
container that was shimmed to tightly fit into a quartz cylinder
and then heated to 700 °C. Differential thermal expansion of
the graphite and quartz compresses the wafer stack into atomic
contact and fuses the GaAs pieces together. The fabrication
process was refined to create multilayer GaAs QPM crystals
with clean bond interfaces. The exposed surfaces were repol-
ished after the bonding process. Using a two-layer QPM GaAs
crystal, we demonstrated a near 5 dB improvement in the con-
version efficiency; the theoretical limit is 6 dB (see Fig. 5). We
also developed an antireflection (AR) coating at 1550 nm using
aluminum oxide and tantalum pentoxide. These materials were
specifically chosen because they have low losses at terahertz
frequencies. These AR coatings allow more optical pump light
into and idler light out of the nonlinear crystal, without absorb-
ing virtually any terahertz. The result is an additional 2.5 dB of
improvement in the terahertz-to-optical conversion efficiency.

B. Geiger-Mode APD

After optimizing the conversion efficiency using the p-i-n
diode, we coupled the light into the output optical fiber using
a matched collimator. Fig. 7 shows the optical spectrum of the
output light measured using an OSA at a resolution bandwidth
of 0.1 nm. Here, we used a two-layer QPM GaAs crystal AR
coated for the 1550-nm optical pump; the terahertz source was
the VDI-AMC operated near 820 GHz with an output power of
120 ;#W. When the terahertz source was turned on, an idler signal
appeared at 1556.6 nm, which comes from the nonlinear mixing
of the terahertz signal and the 1550-nm pump. Energy conser-
vation dictates that the idler frequency is the difference between
the optical pump and the terahertz frequency. For an 820-GHz
terahertz signal, we expect an idler exactly at 1556.6 nm as was
observed. Conversely, our detection scheme enables the precise
determination of the input terahertz wavelength, since the optical
pump is well known and the idler wavelength can be accurately
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Fig. 7. Optical spectrum of light coupled in the fiber clearly shows the gener-
ated optical idler when the terahertz source is on.

measured. The noise floor of the spectrum was limited by the

sensitivity of the OSA. We confirmed that at the pump wave-

length (1550 nm), no signal was visible above the noise floor. By

integrating the power under the spectral peak, we calculated the

idler power to be about 85 pW. The terahertz-to-optical photon
conversion efficiency is given by

(p)
TITHz—optical = m
Pry,

VTHy
>< [

Vidler

where the peak idler power Pffl)er is related to the average idler
power by the duty factor (20 /10 ns). From the OSA measured
idler power, we calculate a photon conversion efficiency of 5.9 x
1076,

The idler was then routed via an attenuator into the Princeton
Lightwave GM-APD [8], which is triggered by a delayed copy
of the electrical pulse that drives the SOA. The trigger initiates
detection of idler photons in a 1-ns gate by the GM-APD. The
GM-APD is equipped with a counter, which records the total
number of 1-ns gates with photons over a 1 s time interval. The
sensitivity or NEP of the GM-APD is limited by the dark count
rate (DCR) or the number of spurious counts per second in the
absence of any signal; its sensitivity is given by

hv

NEP = 7 vDCR 3)
where 7 is the quantum efficiency of the GM-APD, and v is
the frequency of the incident radiation. The DCR of the GM-
APD receiver is 20 kHz, which corresponds to an NEP = 9.3 x
10~17 W/Hz'/? . To experimentally measure the sensitivity of the
terahertz detector, one can attenuate the terahertz power until the
counts registered by the GM-APD are equal to the fluctuations
in the dark count over the 1 s interval. This attenuated terahertz
power would then correspond to the minimum detectable power.
Since calibrated terahertz attenuators with a large dynamic range
are not readily available, we chose to attenuate the optical idler
signal instead. The linear relationship between the idler and
terahertz power justifies this approach. Fig. 8 shows a plot of the
GM counts as the attenuation of the idler beam was varied. The
x-axis values correspond to the equivalent input terahertz power,
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Fig. 8. Plot of GM-APD counts versus input terahertz power normalized by
gating signal bandwidth. A linear fit of GM-APD counts (dashed line) intersects
noise level (solid line) at 78 fW/Hz!/2.

for a given optical attenuation, in units of NEP (W/Hz!/?). The
x-axis values are given by scaling the input terahertz power,
120 W, by the optical attenuation of the idler, and normalizing
it to the square root of the equivalent bandwidth of the gating
signal. The equivalent bandwidth of the 1-ns pulse train with
a pulse separation of 20 us and integrated over 1 s is 20 kHz
[(20 ps/1 ns) x 1 Hz]. The mean number of dark countsin 1 s was
measured to be 1.6 and was slightly higher than the theoretically
expected value of 1 [(1 ns/20 us) x DCR]. To calculate the
sensitivity of the resulting terahertz detector, we extrapolate a
linear fit to the data to the noise level. The fluctuation in the
dark counts or noise level is governed by Poisson statistics and
is given by the square root of the mean dark counts, 1.6. Using
this method, we obtained a terahertz NEP ~ 78 fW/Hz!/2, as
is shown in Fig. 8. This corresponds to a minimum detectable
pulse energy of 1.1 x 1072 J in the 1-ns GM-APD gate; of
course, we integrate over 5 x 10* pulses in 1 s.

The relationship between the NEP of the GM-APD and the
resulting terahertz detector is given by

NEPTy,

NEPGyaPD
- — nTHZﬂO})ticali (4)
Vidler VTHz

where 17H,—optical = (Output idler photons)/(Input terahertz
photons) is the system photon conversion efficiency. vy, and
Vidler are the terahertz and idler frequencies, respectively. Us-
ing the aforementioned equation, we calculate the end-to-end
receiver photon conversion efficiency of the system to be 5 x
10~°; the equivalent system power conversion efficiency is 1.2 x
1073, These numbers agree very well with the conversion ef-
ficiency calculated from the OSA data. The intrinsic photon
conversion efficiency is significantly higher and can be calcu-
lated by taking into account the 2 dB Fresnel loss at the crystal
interface for the terahertz (the crystal is AR coated for optical
wavelengths); the 4 dB of insertion losses the idler experiences
due to the three long-pass dielectric filters and 4 dB of fiber

coupling losses.
Alternately, at a fixed attenuation setting, we can delay the
GM-APD’s 1-ns gate with respect to the upconverted pulse and
thereby measure the idler’s temporal characteristics, and thus,

Idler Optical Spectrum

2500
—o0—THz source off
—e—THz source on
2000
» 1500
=
=
5]
Y 1000
500

0 L4
450 460 470 480 490 500
Time Delay (ns)

Fig. 9. Idler’s pulse shape versus time measured by GM-APD.

infer the terahertz temporal shape. Fig. 9 plots the GM-APD
counts versus time. We can see that the upconverted idler sig-
nal has a temporal width of about 6 ns. The terahertz source
is continuous wave signal, therefore, the temporal shape of the
upconverted light mirrors that of the optical pump; the measured
pulsewidth agrees well with that of the optical pump, given a
1-ns timing resolution. However, if we had used a pulsed tera-
hertz source, our terahertz detector would provide a 1-ns time-
resolved measurement of the terahertz pulse. As is clear from
the figure, with the terahertz source OFF, there is no upconverted
idler signal; the noise floor of the terahertz detector is only lim-
ited by the noise characteristics of the GM-APD, resulting in
excellent room temperature detection sensitivity.

IV. CONCLUSION

We have used optical frequency upconversion at 1550 nm to
create a fast, ultrasensitive room temperature terahertz receiver.
Nonlinear conversion was enhanced by quasi-phase matching,
where two GaAs crystals were diffusion bonded. Increased opti-
cal pump powers on these AR-coated crystals resulted in record-
breaking power conversion efficiency of 1.2 x 1073, which
agrees with theory. We show that terahertz can be detected at
an unprecedented 78 fW/Hz'/? NEP at room temperature. This
sensitivity is nearly 40 dB better than commercial room temper-
ature terahertz detectors and over 15 dB better than commercial
4.2-K bolometers. The detector’s temporal resolution is 1 ns.
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