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INSTRUMENTATION AND MEASUREMENT

Photoreflectance system based on vacuum ultraviolet
laser at 177.3 nm
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Photoreflectance (PR) spectroscopy is a powerful and non-destructive experimental technique to explore interband
transitions of semiconductors. In most PR systems, the photon energy of the pumping beam is usually chosen to be higher
than the bandgap energy of the sample. To the best of our knowledge, the highest energy of pumping laser in reported
PR systems is 5.08 eV (244 nm), not yet in the vacuum ultraviolet (VUV) region. In this work, we report the design and
construction of a PR system pumped by VUV laser of 7.0 eV (177.3 nm). At the same time, dual-modulated technique
is applied and a dual channel lock-in-amplifier is integrated into the system for efficient PR measurement. The system’s
performance is verified by the PR spectroscopy measurement of well-studied semiconductors, which testifies its ability to
probe critical-point energies of the electronic band in semiconductors from ultraviolet to near-infrared spectral region.
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1. Introduction
Electromodulation (EM) spectroscopy, including pho-

toreflectance (PR), electroreflectance (ER), and contactless
electroreflectance (CER), has contributed significantly to the
investigation of electronic structures, interband transitions,
and alloy composition in semiconductors.[1,2] The derivative
nature of this technique emphasizes features at the energy of
critical points in band structure, which is realized by modulat-
ing the built-in electric field of sample to cause perturbation in
its reflectance amplitude. Compared to applying an external
electric field in ER and CER spectroscopy, PR spectroscopy
utilizes photoinjection of electron–hole pairs via a chopped
pumping beam, usually an incident laser, to modulate the built-
in electric field. Therefore, a conventional PR system typically
chooses the photon energy of the pumping laser to be higher
than the bandgap of the semiconductor under investigation.
Since the modulated electric field affects the overall electronic
structure of the tested sample, even critical points at energy
higher than the pumping beam are proven to be detectable in
narrow bandgap semiconductors.[3,4] Below-bandgap pump-
ing through impurities or defects states at sub-bandgap ener-
gies is used very rarely since the traps and recombination cen-

ters could reduce the effectiveness of modulation and PR sig-
nal amplitude varies from sample to sample.[5,6] Also the spec-
tral feature obtained by below-bandgap pumping differs from
that of the conventional PR spectra with above-bandgap pump-
ing due to their different modulation distribution.[7,8] There-
fore, for the investigation of wide bandgap materials in the
UV region, vacuum ultraviolet (VUV) pumping sources in the
wavelength region between 100 nm and 200 nm are more de-
sired.

To the best of our knowledge, the highest pumping en-
ergy in reported PR systems is 5.08 eV (244 nm) from a
frequency-doubled Ar+ laser line,[9,10] not yet in the VUV
region. Based on the breakthrough on the nonlinear crys-
tal KBe2BO3F2 (KBBF) growth and KBBF prism-coupled
device (KBBF-PCD), DUV diode-pumped solid-state lasers
(DUV-DPL) with emission at 7.0 eV (177.3 nm) have been
developed using KBPBF-PCD with Nd:YAG as the basic light
sources.[11,12] This DUV-DPL has already successfully been
coupled with various scientific techniques to construct cutting-
edge instruments.[13–16] With its high photon density, large
photon flux and high energy resolution, this VUV laser is ex-
pected to be utilized in PR system to active the exploration of
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interband transition located in high-energy region. It is also
worth noting that although the use of visible light as pumping
and probing beams is effective for a broad range of semicon-
ductor materials, but the penetration depth of visible light is
typically hundreds of nanometers. For microscale structure,
light travels through the multilayered films or superlattices and
thus PR signals from different mediums inevitably overlap and
be affected by interference effect.[17] While pumping with UV
laser can provide not only a much stronger absorption with
photon energy much above the bandgap, but also relatively
shallow depth down to few nanometers,[18] which can be used
to effectively distinguish surface PR signals from inner space,
in ways not possible when using visible laser as the pumping
beam.

In this work, we design and construct a PR system under
the pumping of a VUV laser at 177.3 nm. The instrumental
performance is demonstrated by the PR spectroscopy of the
well-studied bulk GaAs and GaN from UV to near-infrared
spectral region. This VUV-PR system is technically operable
and efficient for practical use to probe critical-point energies
of the electronic band structures in semiconductors.

2. System configuration
We first briefly remind the basic principle of PR spec-

troscopy. Normally, a pumping beam excites the sample to

generate electron–hole pairs and modify the built-in electric
field. Subsequently, the material’s reflection coefficient is per-
turbed and its reflectance intensity experiences subtle devia-
tion at the energy corresponding to direct interband transitions.
Experimentally, a probing beam illuminates the sample and its
reflectance R off the sample surface as a function of photon en-
ergy is monitored. A modulated pumping laser beam focuses
on the sample at the same point and causes a subtle deviation
∆R in R. Because PR spectroscopy in the form of ∆R/R is
on the order of 10−6–10−4, a phase-sensitive lock-in ampli-
fier (LIA) is also used to synchronously extract ∆R from the
prominent reflectance signal R and background noise.

To construct a PR system based on VUV laser, one must
design high vacuum chamber and optimize the correspond-
ing optical system with optical beam paths, UV-enhanced mir-
ror coatings, diffraction gratings, and VUV-enhanced detector.
Also, it is practically sophisticated to adjust the collimation of
the VUV laser and probing beam and align optical elements,
as the VUV beam is strongly absorbed by the ambient air and
all optics have to be placed in vacuum or chamber filled with
inert gas. The detailed configuration is depicted in Fig. 1. The
system is composed of three modularized parts: (i) Pumping
module with the VUV laser, (ii) high vacuum chamber with
cryostat, and (iii) probing and acquisition module. The design
principles and techniques are introduced in the following.
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Fig. 1. Configuration of the PR system based on a VUV laser at 177.3 nm.

2.1. Pumping module with VUV laser

The VUV laser used in this system is DUV-DPL with

emission at 177.3 nm, which is achieved from the second har-

monic generation from a picosecond 355-nm laser using the

KBBF crystal. Due to the strong absorption of 177-nm pho-
tons in air, all optics, including the KBBF crystals, are placed
in a chamber filled with high-purity nitrogen. The VUV laser
has pulse duration of 12 ps and repetition rate of 120 MHz.
The average output power exceeds 1 mW as an effective pump-
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ing beam in PR spectroscopy measurement. More details of
the DUV-DPL mechanism can be found in Refs. [11,12,19].
Since VUV beam is strongly absorbed in the atmosphere and
all the optics are placed in chamber, this VUV laser is also
designed to include a visible laser at 633 nm for sake of pre-
alignment of the optical elements and couple into this system.
The pumping module also includes another alternative visible
laser, which is exposed in the ambient air and can be quickly
switched for any other lasers. As discussed in the introduc-
tion, the use of pumping beams with different wavelengths in
beneficial for separating PR signals from the surface and com-
plex inner structure due to their different penetration depths.
This can extend the functionality of this PR system for probing
distribution in multilayered films and superlattices in practical
applications.

2.2. High vacuum chamber with cryostat

All the optics in the light path are placed in a vacuum
chamber to avoid the strong absorption of the atmospheric en-
vironment. The vacuum chamber can maintain a high vacuum
degree of 1.9×10−6 hPa. The chamber has an air outlet con-
necting to a molecular pump for vacuum evacuation and an
air inlet for vacuum release. All optical components are opti-
mized for VUV region to enhance the transmission efficiency
of the VUV laser. The MgF2 optical windows with wide trans-
parency range are equipped on the VUV laser entrance port
(P1), alternative laser entrance port (P2), probing light port
(P3), and acquisition port (P4). In the beam path inside the
high vacuum chamber, plane mirror (M1) and spherical mirror
(S1) are used to align the probing beam from P3 and focus onto
the sample surface, while plane mirror (M2) and spherical mir-
ror (S2) are used to efficiently collect the reflected light from
the sample surface and collimate into P4, as demonstrated in
Fig. 1. The mirror orientation can be finely adjusted by pico-
motors under the vacuum condition. This optical design can
guarantee high collection efficiency for reflectance signals and
suppression of Rayleigh line and background noise. The mir-
rors are all Al-MgF2 coated which have a low extinction coef-
ficient to enhance reflectivity down into the VUV spectral re-
gion. Additionally, UV light irradiation is effective for oxygen
desorption from the sample surface, which is reported to re-
duce surface Fermi level and surface electric field in PR mea-
surement. Consequently, the PR amplitude decreases largely
when the ambient medium of the sample is changed from air
to vacuum.[20] A vacuum environment can help to reveal the
intrinsic modulation of the pumping beam and avoid misinter-
pretation of PR spectra. In order to guarantee that the probed
area can be fully modulated by the pumping laser, the laser
spot was designed to overlap the illuminated probing spot. The
laser spot of VUV laser has millimeter-size on the sample sur-
face. The size of the probed spot on the sample can be ad-

justable by the slit of the excitation monochromator. In order
to reduce the amount of Rayleigh line signals being collected
along with reflectance signals, the pumping laser is designed
to focus onto the sample at near normal incidence to maxi-
mize the absorption in the sample. A reflecting mirror (M3)
and mechanically movable mirror (M4) are used for switching
the 177.3 nm to the alternative 532-nm laser. The lens L1 and
L2 are optimized for collimation on the sample. L1 and L2 are
made of CaF2. L2 is mounted on an x–y–z manipulated motor
to coordinate with L1 for the position adjustment and colli-
mation at the two laser wavelengths under vacuum. Since it is
difficult to check the sample position and coincidence situation
under vacuum, a camera is equipped to capture live images of
the sample surface.

A closed-cycle cryostat refrigerator system (CCS-XG-
HV/204N, Janis Research Company, Inc.) composed of He-
lium compressor, cold head, and cryostat is integrated in the
chamber. Helium exchange gas transfers heat and cools the
sample in the process. The cold head is suspended within an
exchange gas chamber of nitrogen. The sample is mounted
on the cold finger extension allowing temperature varying be-
tween 8 K to 325 K. The cryostat is equipped with a vibra-
tion isolation system to reduce vibration from the operation of
the cold head, as well as a vertical translation system allow-
ing adjusting the height of the sample holder under vacuum.
The thermometer is provided on the sample mount of the cold
finger extension for monitoring and varying the sample tem-
perature.

2.3. Probing and acquisition module with dual-channel
LIA for synchronic demodulation

Since the reflectance variation due to modulation of the
pumping laser is normally more than four orders of magnitude
smaller than the reflectance itself, the stability of the probing
light is quite crucial during the measurement to avoid signal
deviation. Continuous emission in the VUV region is also nec-
essary for high energy probing. Xenon arc lamps was usually
used to provide as probing source in UV to visible region and
quartz tungsten halogen lamp in visible and near-infrared re-
gion. Instead of those, a laser-driven light source (EQ-99, En-
ergetiq Technology Inc.) with ultra-high brightness and long-
term power stability is integrated in the VUV-PR system. This
light source exhibits broad-band light from 170 nm through
visible and beyond, which assures the system’s capability for
shorter wavelength extension.

Photoreflectance system use a double monochro-
mators configuration to synchronously scan during the
measurement.[21] The excitation monochromator provide
monochromatic probing beam by dispersing the supercon-
tinuum light source, while emission monochromator acts as
a tunable narrow bandpass filter to suppress spurious signals
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such as luminescence and Rayleigh scattering to improve the
signal-to-noise ratio. Therefore, no filters are required in front
of the monochromators or detector. The two monochromators
(HORIBA, iHR550) with 550-mm focal length are equipped
with 300 gr/mm, 1200 gr/mm, and 1800 gr/mm gratings. All
the optics in the monochromators are also MgF2-coated. The
monochromator can be insulated with nitrogen gas for the pur-
pose to work in the VUV range. A single-channel solid state
silicon detector is equipped in the emission monochromator
for signal acquisition.

PR signals are normally measured by LIA with the pump-
ing modulation frequency as the reference due to the phase-
sensitive technique. Only the signals carrying the modula-
tion frequency can be isolated from signals with other fre-
quency components. But spurious signals such as photolu-
minescence (PL) from the sample, which also carries modu-
lation frequency of the pumping laser, can be also collected.
The PL signal coincides with and even swamps the PR fea-
tures around the bandgap energy, particularly for the measure-
ment on semiconductors with a direct bandgap or at low tem-
peratures, which are disadvantageous for PR measurement.[22]

To overcome aforementioned situation, dual-modulated tech-
nique was utilized to filter off PL signal and improve signal-
to-noise ratio, in which both the pumping and probing beams
are modulated by the corresponding choppers at different
frequencies.[23,24] The PR intensity is defined as ∆R/R =

(R0−R)/R0, where R and R0 are the reflectance intensity with
and without pumping. The reflectance intensity under dual-
modulation technique has the amplitude modulation form of

R = [R0 +∆Rsin(2π fpumpt)]sin(2π fprobet +φ)

= R0 sin(2π fprobet +φ)

+
∆R
2

cos
[
2π( fprobe− fpump)t +φ

]
−∆R

2
cos

[
2π( fprobe + fpump)t +φ

]
.

Then, R0 can be obtained uniquely from the component with
frequency of fprobe. ∆R can be obtained either from the compo-
nent with sum frequency fprobe+ fpump or difference frequency
fprobe − fpump. Then PR signal can be spectrally separated
from PL and any other laser-related signals. This VUV-PR
system uses this dual-modulated configuration with the pump-
ing chopper housed at laser path and probing chopper at the
export of excitation monochromator.

Since a slight change in the pumping or probing inten-
sities could lead to serious variation in reflectance intensity,
separate acquisition and demodulation of ∆R and R0 is not de-
sired from the experimental view. Early attempt of synchronic
demodulation of ∆R and R0 was accomplished by tandem de-
modulation by using two separate LIAs at respective reference
frequency[25] or tandem LIA with digital signal processor.[26]

However, to recover the amplitude of ∆R, a third LIA is nec-
essary to demodulate the phase φ . The different integral time
constant, gain, and phase stability between LIAs may result in
more signal errors and lower accuracy. Here we use a digi-
tal dual-channel LIA (HF2LI, Zurish Instruments) contains 2
input channels, which can simultaneously demodulate at the
three frequencies fprobe and fprobe± fpump. This dual-channel
LIA ensures the correct phase relationship for the demodu-
lations and eliminates redundant analog-to-digital (AD) and
digital-to-analog (DA) conversions. In this PR system, the fre-
quency of pump chopper and probe chopper are fed into the
LIA together. It has more than two demodulators to simul-
taneously extract fprobe and fprobe + fpump components, which
facilitates quick calibration and avoids short-term fluctuations
caused by unstable pumping or probing light.

The multiple choppers and dual-channel LIA also facil-
itate the VUV-PR system for the multifunctional realization
in a single setup. It should be noted that, although dual-
modulated configuration can enhance the detecting sensitiv-
ity of the fine structures in the interband transitions around
bandgap energy by getting rid of the interference of PL sig-
nals, the signal intensity is reduced by a factor of 1/π than
that in single-modulated configuration.[27] As an option, this
VUV-PR system can switch for single-modulated PR mea-
surement when only the pumping chopper is activated and the
reflectance signal carrying the frequency of fprobe is demod-
ulated. Alternatively, the system can further switch for PL
measurement when only the pumping chopper is activated and
the PL signal carrying the frequency of fpump is demodulated.

3. System performance
To validate the system’s performance, we measured and

compare the PR spectroscopy of well-studied GaAs and GaN.
The pumping laser beam was chopped at fpump = 177 Hz,
and the chopping frequency of probing light fprobe is set at
220 Hz. Both fprobe− fpump and fprobe + fpump carry the ∆R
signal. In order to avoid the interference of the frequency mul-
tiplication of fprobe− fpump, the sum frequency fprobe+ fpump is
preferred for demodulation of ∆R.[28] The standard fitting pro-
cedure with a model[29] of the third derivative functional form
∆R/R = Re[∑m

j=1 C jeiθ j(E−E j + iΓj)
−n] is applied, where C j

and θ j are the resonance amplitude and phase angle of the line
shape, E is the photon energy, E j and Γj are the energy and
the broadening parameter of the j-th transition, respectively.
The exponent n depends on the type of critical point in the
Brillouin zone.

As shown in Fig. 2, n = 2.5 was used for fitting of semi-
insulating GaAs.[30] No signs of Franz–Kyldysh oscillations
appear in PR spectra indicating that the modulation is within
the low electric field region. The derived critical points are
marked by vertical arrows. The spectral features near the
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bandgap at E0 = 1.43 eV and E0 + ∆0 = 1.76 eV are well-
resolved, which correspond to the fundamental transition and
the transition between the conduction band and spin–orbit
splitting valence subband at Γ point of the Brillouin zone,
respectively. The origin of the interband transition marked
with asterisk is not determined but it also appears under 532-
nm pumping,[3] further studies are required to clarify this.
The spectral features above the bandgap at E1 = 2.94 eV and
E1 +∆1 = 3.18 eV correspond to the transition along the Λ

direction in Brillouin zone. These features are in good accor-
dance with previous reports by PR and ER spectroscopy.[1] In
the UV region, according to the interband energies of GaAs
derived from the dielectric function,[31] the spectral features
can be attributed to interband transitions at the Γ point of
Brillouin zone: E ′0(Γ

v
8 −Γ c

7 ) = 4.45 eV, E ′0 +∆ ′0(Γ
v

8 −Γ c
8 ) =

4.69 eV, and E ′0 +∆ ′0 +∆0(Γ
v

7 −Γ c
8 ) = 5.04 eV. A higher fea-

ture at E2(X) = 5.46 eV is assigned to the transition at X point
of Brillouin zone, which is not clearly resolved under 532-nm
pumping.[3] The experimental results agree well with calcu-
lated critical points energies[32] and results derived by spectro-
scopic ellipsometry.[31] The spectral feature related to E ′0 +∆ ′0
has an amplitude of 2×10−5, which demonstrates a sensitivity
better than 10−5 level can be warranted by this system.
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Fig. 2. Dual-modulated PR spectra of semi-insulating GaAs pumped at
177.3 nm. The gray circles show the experimental data and solid lines the
fitting results. The arrows indicate the corresponding interband transitions.

The photoreflectance system based on VUV laser at
177.3 nm was also applied to investigate PR spectra of wurtzite
GaN on Al2O3 at 8 K and 295 K, as shown in Fig. 3. GaN
is a typical well-studied wide bandgap semiconductor and
has prominent PL signal under UV excitation, which can be
avoided in this dual-modulated configuration. n = 2 is used to
fit the PR spectra in accordance with previous reports.[33] The
energy positions obtained by fitting are indicated by the ver-
tical arrows in Fig. 3. The well-resolved features are related
to excitonic transitions corresponding to previous report:[6,33]

A: exciton (Γ v
9 −Γ c

7 ), B: exciton (Γ v
7 (upper band)−Γ c

7 ), and
C: exciton (Γ v

7 (lower band)−Γ c
7 ). The exciton energy can be

slightly dependent on crystal growth condition, different resid-
ual biaxial compressive strains, film thicknesses, and electron
concentrations in GaN/sapphire epitaxial layers.[34,35] At 8 K,
the energy positions of the A, B, and C excitons are fitted to

be 3.457 eV, 3.465 eV, and 3.476 eV, respectively. The energy
separation of A and B excitons of 8 meV agrees well with that
in reported PR measurement.[36] As the temperature increases,
the PR spectral features would gradually broaden and shift to-
wards lower energy. At 295 K, the energy positions of the
A, B, and C excitons are derived at 3.388 eV, 3.401 eV, and
3.422 eV, respectively. The splitting among A, B, and C ex-
citonic transition energies become slightly larger and C exci-
ton becomes quite weak as the temperature increases, which is
also similar to previous reports.[6,33] The above results demon-
strate this VUV-PR system can be used to determine the inter-
band transition energies of GaN with high spectral resolution.
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solid lines the fitting results. The arrows indicate the corresponding excitonic
transition energies.

4. Conclusion
Modularized dual-modulated VUV-PR system was de-

signed and constructed, which is composed of three modu-
larized parts: (i) pumping module with a VUV laser, (ii) high
vacuum chamber, and (iii) probing and acquisition module.
We demonstrate the capability of VUV laser at 177.3 nm can
be serviced as an efficient pumping laser beam to measure PR
spectroscopy, which allows for the investigation of the elec-
tronic band structure of semiconductors in the DUV to near-
infrared spectral range.
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