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High conversion efficiency is vital for the acquisition of UV light through nonlinear processes. Here, we
investigate an alternative method to realize highly efficient second-harmonic generation (SHG) based on
the interface of β barium metaborate (βBBO) and magnesium-doped lithium niobate (MgO:LN). The-
oretical simulations indicate that the SHG efficiency of our method is significantly higher than other
phase-matching conditions. In the experiment, we demonstrate that higher conversion efficiency can be
realized compared with only employing a single BBO crystal. Besides, the shortest output wavelength of
SHG can reach 205 nm in our method. The method proposed here can open another way for the integrated
ultraviolet laser and may promote the development of UV micromachining in the future.
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I. INTRODUCTION

UV coherent light can be widely applied in biomedicine
[1–5], nanofabrication [6–10], semiconductor processes
[11–14], ceramic manufacturing [15–17], imagery
[18–22], etc. The most common method to directly gener-
ate UV light is excimer laser [23]. Since it was invented in
1970, a series of noble gases have been employed to gener-
ate UV light for different wavelength and power demands
[24]. Although UV lasers based on noble gases can pro-
vide high average power and various wavelengths, they
always have high energy consumption and cumbersome
facility [25]. In recent years, all-solid-state lasers have
become one of the most popular candidates for providing
UV light [26,27]. They are superior in small volume, low
consumption, and high reliability. The key step to realize
an all-solid-state UV laser is the nonlinear frequency-
conversion process based on nonlinear materials [28].
Usually, the conversion efficiency sharply decreases when
the expected harmonic wavelength approaches the deep
ultraviolet (DUV) or vacuum ultraviolet (VUV) wave-
band. It is mainly limited by strong material absorption
within the UV waveband and phase mismatching caused
by high refractive index [29,30]. Consequently, exploring
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alternative phase-matching methods or potential nonlin-
ear materials to promote nonlinear conversion efficiency
is highly desired for the development of UV lasers.

In previous researches, nonlinear boundaries, including
domain-wall structure and boundary of nonlinear crys-
tal are potential alternatives to increase nonlinear con-
version efficiency because of their local effect on the
nonlinear polarization wave. Cherenkov second-harmonic
generation (CSHG) enhancement by using local effect
was discussed at domain walls of ferroelectric crystal
[31,32]. Then, it was investigated at the surface of single-
domain crystal, which was considered as the modulation
of the nonlinear Smith-Purcell effect [33]. Subsequently,
a more general interface model was proposed to investi-
gate the nonlinear enhancement effect [34]. They theoret-
ically demonstrate that a higher enhancement effect can
be obtained by choosing the sharper modulation of χ(2).
Besides, a unified approach was proposed to investigate the
modulated nonlinear processes, such as CSHG, nonlinear
Raman-Nath, and nonlinear Bragg diffraction stimulated
from nonlinear domain walls and interfaces [35]. This the-
ory was also extended to deal with nonlinear processes
in nonlinear photonic crystals [36,37]. Further, a special
CSHG utilizing total reflection on the inner surface of
the crystal to compensate for phase mismatching was also
reported as another efficient method [38].

All these works mentioned above realize SHG enhance-
ment in visible wavebands. As for UV harmonic gener-
ation, it has been reported that CSHG at 325 nm based
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on the nonlinear boundary was substantially enhanced
[39,40]. However, such nonlinear Cherenkov radiation is
still a phase-mismatching process, so it becomes only
distinct under the femtosecond pump. Finding a way to
take full advantage of nonlinear boundary enhancement
and perfect-phase-matching (PPM) will be fundamental to
realize high-efficiency and compact DUV or VUV lasers.

In this paper, we propose and investigate a highly
efficient frequency-doubling method based on non-
collinear PPM along the crystal boundary. We first
systematically calculate the conversion efficiency of
SHG under different phase-matching conditions. Accord-
ing to theoretical simulations, we choose β barium
metaborate bonding with magnesium-doped lithium nio-
bate (BBO-LN) to generate this kind of noncollinear
PPM SHG. Then, we compare the nonlinear conver-
sion efficiency between single BBO surface and BBO-LN
interface in the experiment to verify the enhancement
effect from the difference of χ(2). We also experimentally
compare our method with traditional birefringence phase
matching. The result shows that our method works more
efficiently.

II. THEORY

To calculate the conversion efficiency of SHG under dif-
ferent conditions, we solve the coupling wave equation in a
general form. For the Gaussian beam, Fourier transforma-
tion assists deduction of the expression of SHG amplitude
[40]. Under paraxial and small signal approximations, the
intensity of the SHG spectrum can be written as

I2 (kx, z) = |A2 (kx, z)|2
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in which x and z represent the lateral axis and the propa-
gation axis, respectively. kx is introduced by Fourier trans-
formation to represent spatial frequency. a is the radius of
the Gaussian beam. n2 is the refractive index of material
for SHG. A1 and A2 are electric field amplitudes of fun-
damental frequency (FF) wave and SHG, respectively. k1
and k2 are wave vectors of FF wave and SHG, respectively.
Δk = 2k1 − k2 represents phase mismatching of this non-
linear process. deff is the effective nonlinear coefficient that
varies according to materials as well as phase-matching
conditions. deff can be expressed as a piecewise function
for a nonlinear boundary. Therefore, for SHG stimulated
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In this expression,

deff =
⎧⎨
⎩

C1d, x ≤ −h
0, −h < x < 0
C2d, x ≥ 0

,

in which C1 and C2 are normalized nonlinear coefficients
of materials. d is the larger one of the nonlinear coeffi-
cients at two sides of the boundary. Besides, h is the width
of a tiny gap that might exist in a practical experimen-
tal process. D
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Dawson functions. For ideal condition, h = 0, so Eq. (2)
can be simplified as
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In the case of a single-crystal surface, C1 = 0. In the case
of crystal interior, deff is a constant (C1 = C2 = 1) and Eq.
(3) can be simplified as

∫ +∞
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√
π

2
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x /8. (4)

In Eq. (1), the value of �k and kx would vary according
to different phase-matching schemes. In the case of nor-
mal collinear PPM condition, �k = kx = 0. �k = kx =
k2 sin θc represents the condition of CSHG at a nonlin-
ear boundary, in which θc = arccos(2k1 cos γ /k2) and γ

is the angle between FF beam and boundary, as shown
in Fig. 1(a). The nonlinear boundary is composed of two
bulk crystals, such as βBBO and MgO:LN. In our exper-
iment, the phase-matching scheme is a noncollinear PPM
form, as shown in Fig. 1(b). It is always an isosceles tri-
angle comprised of incident FF wave vector, reflected FF
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(a) (b)

FIG. 1. (a) Phase-matching scheme of CSHG at the interface
of BBO and MgO:LN. (b) The noncollinear PPM scheme at the
interface of BBO and MgO:LN.

wave vector, and SHG wave vector. In this case, PPM SHG
propagates along the interface and the phase-matching
condition corresponds to �k = kx = 0.

We simulate and compare the SHG intensities of five
cases under the same pumping energy with FF wave-
length changing, including collinear PPM inside βBBO,
noncollinear PPM based on single BBO surface and BBO-
LN interface, and Cherenkov-type phase matching based
on a single BBO surface and BBO-LN interface. For
noncollinear oo-e-type PPM as shown in Fig. 1(b), the non-
linear coefficients are dBBO

31 (0.16 pm/V) at BBO side [41]
and dLN

31 (4.64 pm/V) at MgO:LN side [42]. In the case of
oo-o-type CSHG phase matching in Fig. 1(a), the nonlin-
ear coefficients are dBBO

21 (2.22 pm/V) at the BBO side [41]
and dLN

31 at the MgO:LN side.
The nonlinear conversion efficiency can be represented

as η = I2/I1 = P2/P1, where I1 ∝ A2
1 is the intensity of

the FF beam, P1 and P2 represent the pump power and
output SHG power in the experiment. Here, we need to
compare different frequency-doubling methods under the
same pump power and interaction length in the experiment.
Therefore, we normalize the pump power P1 and inter-
action length z in simulation and data processing. In the
later text, the nonlinear conversion efficiency we discuss is
normalized.

Figure 2(a) shows SHG efficiencies versus wavelength
λSHG of different phase-matching processes with the same
FF intensity (A1 = 1 V/m) and beam radius (a0 = 2 mm).
The pump beam is focused with a lens (f = 100 mm).
Therefore, the beam radius at the focal point can be esti-
mated as a = 2λFFf /a0 = 100λFF in our calculation. In
addition, the interaction length of noncollinear SHG can be
represented as z = 2a/ sin γ , so z varies with wavelength
and different phase-matching methods. It is necessary to
normalize interaction length z in simulation, hence we
compare these SHG efficiencies via the values of η/z2

according to Eq. (1) and the unit of them is mm−2. In
Fig. 2(a), the blue dashed curve represents the commonly
used oo-e type collinear PPM SHG inside BBO crystal
according to Eq. (4). The nonlinear conversion efficiency
decreases rapidly when the FF wavelength approaches the
VUV waveband because of the decreasing deff according to

(a)

(b)

FIG. 2. (a) Efficiency of SHG versus the SHG wavelength
from 205 to 400 nm for different phase-matching processes: non-
collinear PPM SHG along a BBO-LN interface (no air gap), a
single BBO surface, collinear birefringent SHG inside BBO, and
CSHG on a BBO-LN interface. (b) Efficiency of noncollinear
PPM SHG based on the BBO-LN interface versus the width
of air gap between two crystals at 205, 250, 300, and 350 nm,
respectively.

Eq. (4). The oo-o-type CSHG based on the BBO-LN inter-
face [39] is also calculated as the green dash-dotted curve
in Fig. 2(a). The inherent lateral wave-vector mismatch-
ing leads to relatively low efficiency of the CSHG. The
red dotted and the yellow solid curves are the oo-e-type
PPM SHG based on a single BBO surface and a BBO-LN
interface according to Eq. (3), respectively. According to
the simulation in Fig. 2(a), the nonlinear conversion effi-
ciency of the noncollinear PPM method even increases
with the wavelength decreasing if neglecting loss. The
BBO-LN interface leads to higher efficiency than the sin-
gle BBO surface. The BBO-LN interface leads to higher
efficiency than the single BBO surface. Hence enlarging
the difference of χ(2) at two sides of the nonlinear boundary
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is quite necessary. Therefore, higher nonlinear conversion
efficiency per unit length becomes the most outstanding
advantage of the noncollinear PPM SHG based on the
BBO-LN interface according to our simulations. Equation
(2) is established according to the nonlinear modulation
effect at the boundary, so it mainly reflects the influence
on the nonlinearity of this particular region. However, it
is really hard to bond two crystals perfectly in practice.
Therefore, we further take the influence of air gap between
two crystals into consideration. Figure 2(b) shows the effi-
ciency of noncollinear PPM SHG based on the BBO-LN
interface versus the width of air gap between two crystals.
The purple solid curve, the mandarin blue dashed curve,
the cyan dotted curve, and the orange dash-dotted curve
correspond to wavelengths of 205, 250, 300, and 350 nm,
respectively. The result shows that the existence of air gap
will reduce nonlinear conversion efficiency and this effect
will be more serious at shorter wavelengths.

III. EXPERIMENT

We compare the SHG intensities of the BBO surface
and the BBO-LN interface in the experiments. The size
of bulk BBO and 5 mol% MgO:LN, respectively, corre-
spond to 10 × 5 × 10 mm3 and 10 × 10 × 5 mm3. The
phase-matching scheme we employ in the experiments is
illustrated in Fig. 1(b) according to the above theoretical
simulations. In this case, SHG is stimulated at the BBO
interface.

Figure 3 shows the schematic of the experimental
setups. A tunable optical parametric oscillator (approx-
imately ns, 100 Hz) provides the incident FF beam. A
half-wave plate (HWP) and a Glan-Taylor prism are used
to adjust the polarization and the intensity of the FF beam.
A lens with a focal length of 100 mm is used to focus the
FF beam into the sample at a particular angle. The diameter
of the pump laser is measured as 2 mm, so the diameter of
the focused spot is 100λFF. The expected SHG propagates
along the boundary and reaches the detector or screen.
The phase-matching angle will vary with FF wavelength,
hence samples are put on a rotary stage to change the inci-
dent direction (relative to the nonlinear boundary) of the
FF beam. The power and wavelength information of the
FF beam behind the lens is provided in Appendix A. The
UV SHG spot can be recognized via stimulated fluores-
cence on a paper screen. These UV SHG spots are recorded
by a camera. Besides, we also use a UV spectrograph
to measure the SHG wavelength. The data obtained via
spectrograph are all after intensity calibration. We choose
λSHG = 340 nm to calibrate spectrum. At this wavelength,
the SHG intensity does not exceed the range of measure-
ment of spectrograph, but we can still use power meter
to obtain SHG power. We associate the intensity display
of spectrograph with the power of SHG, thereby we can

FIG. 3. Schematic of the experimental setup. HWP, half-wave
plate; GTP, Glan-Taylor prism; L, the lens with a focal length of
100 mm; sample, βBBO; and 5 mol% MgO : LiNbO3.

confirm the power of SHG at shorter wavelength more
accurately assisted by the spectrograph.

Figure 4 shows the experimental results of employing
the BBO surface and the BBO-LN interface under the
same pump power. The center bluish violet spots in Figs.
4(a)–4(f) are the expected PPM SHGs. The background
color is influenced by FF. The contrasts of SHG bright-
ness in Figs. 4(a)–4(c) and Figs. 4(d)–4(f) indicate higher
conversion efficiency based on the BBO-LN interface. We
also compare the nonlinear conversion efficiencies of these
two noncollinear PPM SHGs after normalizing the pump
power and interaction length. In Fig. 4(g), the yellow circle
marks and red X marks represent the efficiencies of non-
collinear PPM SHG generated from the BBO-LN interface
and the BBO surface, respectively. The former is gener-
ally higher than the latter from 302.5 to 400 nm. This is
in agreement with theoretical analysis. There are always
pump energy fluctuations when we record P1 and P2, so
the efficiencies fluctuate, too. Among the results of non-
collinear PPM SHG of BBO surface, 302.5 nm is almost
the shortest output SHG wavelength we could capture by
power meter and spectrograph in the experiment. But for
the BBO-LN interface, the SHG at 302.5 nm can be rec-
ognized clearly. It demonstrates that higher conversion
efficiency in the UV band can be realized based on the
interface with a larger gap of χ(2). The average enhance-
ment factor of the BBO-LN interface is 7.7 according
to Fig. 4(g). The relatively lower enhancement factor is
caused by the width of the inevitable air gap, the absorption
of SHG of MgO:LN and the roughness of the interface.
The influence of air gap can be easily observed in our
experiment. The power of SHG will increase when we
increase the pressing force on the two sides of BBO-
LN. Besides, newly polished crystals without mechanical
and optical damage also work obviously better in SHG
enhancement.

Furthermore, Fig. 5 shows the experimental results of
the wavelength below 302.5 nm based on the BBO-LN
interface. Figures 5(a)–5(e) are experimental results of
noncollinear PPM SHG based on the BBO-LN interface
at 295, 275, 255, 235, and 215 nm, respectively. The short-
est wavelength of observable PPM SHG by the camera is
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(a)

BBO, 302.5 nm

BBO-LN, 302.5 nm BBO-LN, 320 nm

BBO, 320 nm BBO, 350 nm

BBO-LN, 350 nm

(b) (c)

(d) (e)

(g)

(f)

FIG. 4. Experimental comparison of noncollinear PPM SHG
based on the single BBO surface and the BBO-LN interface.
(a)–(c) and (d)–(f) are, respectively, corresponding to the inten-
sity distribution of noncollinear PPM SHG under the condition
of single BBO surface and BBO-LN interface at 302.5, 320,
and 350 nm. (g) The measured efficiencies of noncollinear
PPM SHGs based on the single BBO surface and the BBO-LN
interface.

215 nm. However, with the λSHG decreasing, the SH spot
gradually becomes difficult to distinguish using a camera
due to both the decreasing intensity of SHG and the simi-
lar blue color of scattering FF light. Therefore, we employ
a spectrograph to detect SHG. Figures 5(f) and 5(g) show
the spectrums of SHG at 300 and 205 nm measured by the
spectrograph. The shortest wavelength of this noncollinear
PPM SHG based on the BBO-LN interface reaches 205
nm, which is also the theoretical limitation of collinear
PPM SHG in BBO [29].

As shown in Figs. 4 and 5, the noncollinear PPM SHG
based on the nonlinear boundary with a large gap of χ(2)

has good performance to enhance UV SHG. This kind
of PPM SHG is also generally more efficient than the
CSHG because of lateral phase matching, so it reduces the
minimum requirement of pump power and becomes more
adaptable for application. Moreover, the high nonlinear
conversion efficiency contributed by the small reflection

(a) (b) (c) (d) (e)

(f) (g)

FIG. 5. (a)–(e) The experimental results of noncollinear PPM
SHG at 295, 275, 255, 235, and 215 nm based on the BBO-
LN interface, respectively. (f),(g) The detected spectrums of
noncollinear PPM SHGs at 300 and 205 nm.

region and the fixed SHG output direction along the bound-
ary make this method valuable in compact UV device
design.

In order to compare the efficiencies of the collinear PPM
SHG inside BBO with our method, we use a 10 × 4 ×
3 mm3 z-cut bulk βBBO crystal in the experiment. Its
polishing surface design is more suitable for birefringence
phase matching than the previous BBO. The spectrograph
is also exploited to assist measurement. The edge lengths,
10 and 3 mm are applied to calculate the interaction length
of this collinear PPM SHG process combined with the
incident angle. The conversion efficiencies are plotted as
yellow circle marks and blue triangle marks in Fig. 6,
respectively. In Fig. 6, we can see that the PPM SHG on
the BBO-LN interface still shows higher efficiency. The
lack of data of collinear PPM SHG from 212 to 320 nm
is caused by the cutting angle of our BBO crystal. The FF
light cannot enter the BBO crystal according to Snell’s law
of interface.

IV. CONCLUSION

To conclude, we demonstrate an efficient PPM SHG
method that uses a tightly bonding interface between BBO
and MgO:LN to generate UV light. Theoretically, the
method we propose is more efficient under the same condi-
tion than other normal alternatives, and it even works bet-
ter at shorter wavelengths. In the experiment, we compare
two nonlinear boundaries (single BBO surface and BBO-
LN interface) for this kind of PPM SHG. The results verify
that we can further enhance PPM SHG by enlarging the
nonlinear susceptibility gap at the nonlinear boundary. Our
work provides an alternative way for the integrated ultra-
violet laser and may promote future UV micromachining
development.
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FIG. 6. Measured efficiencies of the noncollinear PPM SHG
based on the BBO-LN interface and the collinear PPM SHG
inside BBO.
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APPENDIX A: POWER OF PUMP PULSES

Figure 7 is the pump power changing with the wave-
length.

FIG. 7. The measured FF beam power changing with the
wavelength.

FIG. 8. The SHG power changing with the FF power under the
condition of noncollinear PPM based on the BBO-LN interface
at 400, 330, 280, and 215 nm, respectively.

APPENDIX B: POWER DEPENDENCE OF PPM
SHG BASED ON BBO-LN INTERFACE

We further measure the SHG power changing with the
FF power under the condition of noncollinear PPM SHG,
as shown in Fig. 8. Circle marks with colors of orange,
cyan, mandarin blue, and purple correspond to the results
at 400, 330, 280, and 215 nm, respectively. And they are
fitted by dashed lines with corresponding colors. Each
group of experimental data verifies the relation: P2 ∝ P2

1.
This is in agreement with Eqs. (1) and (3).
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