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Study on some linear and nonlinear optical parameters
of glycine hydrofluoride single crystals
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Single crystal of glycine hydroflruoride (GHF) was grown from aqueous solution by slow evaporation technique. The
structure of the grown crystal was tested and analyzed through X-ray powder diffraction. The functional groups have been
identified from the FT-IR spectra. Slabs cut normal to the b-axis from the grown crystal were subjected to incident radiation with
a wavelength range of 200 nm to 800 nm to investigate the transmittance and reflectance spectra. Linear optical parameters such
as extinction coefficient k, refractive index n and both the real and imaginary parts: €., and €;,, of the dielectric permittivity
were calculated as functions of the incident photon energy. The dispersion of the refractive index was fitted in terms of Cauchy
formula and Wemple-DiDomenico single oscillator model. GHF crystals exhibited indirect optical interband transition and the
optical energy gap Eg was determined by using Tauc plot. The indirect band gaps at elevated temperatures were determined
and their temperature dependence was estimated. Optical band gap E values were found to decrease with an increase in crystal
temperature; however, the band tail width exhibited opposite behavior. The nonlinear optical potential was examined by the
second harmonic generation (SHG) test.
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1. Introduction the optical excitation and transitions (i.e. electronic
excitations) and photon energy [2]. The determina-
tion of optical constants is expected to expand the

available physical knowledge necessary to fairly

Amino acid glycine CH,NH;COOH salts and
crystals draw the attention of crystal growth re-

searchers and experts. As glycine does not ex-
hibit an asymmetric carbon atom, it becomes op-
tically inactive. Glycine based crystals of high
optical quality with wide optical band gap val-
ues and high dielectric constant are easy to grow
from aqueous solutions [1].

Glycine hydrogen fluoride abbreviated as GHF
single crystal with molecular formula C;HsNO,HF
was crystalized by solution growth method and the
structure of the grown crystal was investigated by
X-ray powder diffraction. The obtained lattice con-
stants agree with the earlier reported data for GHF
crystal being a member of orthorhombic crystal
system with the lattice constants a = 15.601 A,
b=14.001 A, c = 15.662 A [1].

A study of linear optical parameters at dif-
ferent scales is necessary for providing deep
understanding of interaction processes between
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characterize materials that are used in the fabrica-
tion of optoelectronic devices [3]. The good optical
transmittance in the visible and IR regions makes
GHF crystal a potential material for optoelec-
tronics applications [4]. In addition, some linear
and nonlinear optical parameters of GHF crystal
were investigated [5].

The process of monitoring the properties of
GHF crystals revealed some particular features
of this material. The presence of allowed indi-
rect optical transition, which is common for the
crystals grown by slow evaporation technique,
was investigated. The studies of optical absorp-
tion spectra and optical parameters of GHF crys-
tal were carried out. In addition, optical energy
gap dependence on crystal temperature was con-
sidered. Non-dispersive refractive index was calcu-
lated, while the dispersion of the refractive index
in terms of Wemple-DiDomenico single-effective-
oscillator and Cauchy models were investigated
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along with other linear optical parameters. The
second harmonic generation efficiency of the
GHF crystal was calculated to assign the crystal
for proper applications.

2. Experimental
2.1.

To start the growing process of GHF, one
mole of NH,CH,COOH - amino acid glycine —
(75.07 g) was dissolved in 250 mL of deionized wa-
ter and then equimolar ratio of HF (20.2 mL) was
added to form a homogenous solution and, when
the solution was let to cool, GHF precursor was de-
veloped in the crystallizing jar. The precursor from
the first step was dried and then dissolved to form
a second step solution; the obtained solution was
filtered, purified then it was allowed to cool and
evaporate at ambient temperature. Nucleation oc-
curred and small crystals were grown at the bottom
of the crystallizing jar. Good quality small trans-
parent crystals were grown by successive recrys-
tallization and then collected to employ them as
seed crystals. Saturated solutions were taken into
a constant temperature crystal growth apparatus
and were allowed to equilibrate at 45 °C. Seed crys-
tals were then suspended firmly inside the solution
using a nylon thread. The jars containing the solu-
tions were covered in a manner which allowed the
solutions to evaporate slowly. After seven weeks,
seeds were grown to nearly perfect single crys-
tals, and the crystals having appropriate large size,
obtained in this way were pure, and stable un-
der normal conditions of temperature and humidity.
The grown crystals were single phase GHF crystals
with chemical composition C;HsNO,HF as con-
firmed later by further analysis. The final grown
crystal was large with about 1.6 cm x 1.2 cm x4 cm
in size.

Crystal growing

2.2. Structural analysis

Powder X-ray diffraction data were collected
for the grown crystals using Philips X-ray diffrac-
tometer model PW 1710 with CuK«x radiation
(A = 1.5405 A). The operating voltage and current
were set to 40 kV and 30 mA, respectively. The
scanning rate was maintained at 1° per minute.

2.3. Fourier transform infrared (FT-IR)
investigation

NICOLET FT-IR 6700 spectrometer was em-
ployed to record the Fourier transform infrared
(FT-IR) spectra of the GHF crystal in the wavenum-
ber range of 400 cm™' to 4000 cm~!. The
powder samples were investigated by the KBr
pellet method.

2.4. UV-Vis spectra

The optical transmittance measurements were
carried out using Shimadzu UV-Vis-2101 PC dual
beam scanning spectrophotometer in the wave-
length range of 200 nm to 800 nm. Samples
of a size 0.5 cm x 0.5 x 0.1 cm were cut
with two faces perpendicular to b-direction and
put inside a special holder keeping air as ref-
erence. A special reflectance attachment, where
the sample placed horizontally on the stage fac-
ing down was used. It was illuminated from the
bottom to perform reflectance measurement. The
temperature of the sample was maintained with
an accuracy of 0.1 °C using an ultra-thermostat
(Mgw Lauda type K2R, Germany).

2.5. SHG efficiency

SHG efficiency was measured using
a Q-switched Nd:YAG Laser (Spectra-Physics)
with a fundamental wavelength of 1064 nm, input
pulse energy of 1.1 mJ per pulse and repetition rate
of 10 Hz with a pulse width of 10 ns. The arrange-
ment was provided by means of photomultiplier
tube system to collect the output pulse.

3. Results and discussion

3.1.

Fig. 1 shows the indexed X-ray powder diffrac-
tion pattern of GHF crystal which makes a good
match with the CCDC file number 779604. The
diffraction pattern confirms good crystallinity of
the obtained crystal as the diffraction peaks are
sharp with small bandwidth ranging from 0.13° to
0.58°. The pattern also reveals that the most favor-
able growth direction is (4 3 0) which is observed
and indexed to the diffraction peak around 30°.

XRD characterization
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Fig. 1. X-ray diffraction pattern of GHF single crystal.

The lattice parameters and unit cell con-
stants were calculated accurately by a conventional
method using the obtained X-ray diffraction data.
The refinement employed for the obtained X-ray
powder diffraction data and the indexing of the
diffraction peaks were matching to Pbca space
group. The crystal structure after refinement was
orthorhombic class system with cell parameters of
a=15528 A, b = 14.094 A and ¢ = 15.749 A.
The resultant lattice parameters are in a good agree-
ment with the results of Fleck et al. [6] who claimed
that GHF crystal belongs to the centrosymmetric
space group Pbca and should not exhibit second
harmonic generation at room temperature. Similar
crystal, with a big deviation from another values
of lattice constants reported by Vijayan et al. [4]
and Selvaraju et al. [5] exhibited second harmonic
generation (SHG) with an efficiency higher than
that of potassium dihydrogen phosphate (KDP)
single crystal.

3.2. FT-IR spectra

The measured FT-IR spectrum of GHF single
crystal presented in Fig. 2, demonstrates spectral
differences between GHF single crystal and pure
amino acid glycine. The figure clearly shows that
there are apparent shifts in all peak positions in ad-
dition to the change in the shape and intensity of
many peaks in the spectrum of GHF crystal com-
pared with pure glycine sample spectrum measured
in the same conditions.

Glycine pure

% Transmittance

GHEF single crystal

— T T - T T 1111
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber [cm ™|

Fig. 2. FT-IR spectra of pure glycine and GHF single
crystal.

The assignment of compounds containing car-
boxyl groups is an extremely difficult process. Dif-
ferent vibrational bands overlap, resulting in the
formation of new sharp bands at unexpected po-
sitions or broad humps which overcome many
bands in the spectra [7, 8]. GHF and glycine
samples show a similar spectral trend which ex-
hibits a medium intensity hump spanning from
3400 cm™! to 2400 cm™! typical of many amino
acids and this hump can be assigned to amine NH,
stretching modes (symmetric and asymmetric) with
overlapping CH, stretching bands. An interesting
band is observed at 2123 cm~! for glycine and
at 2170 cm~! for GHF which can be assigned
to a combination of different vibration modes as
pointed out in Table 1.

NH, symmetric scissoring and NH; asym-
metric scissoring bands are located at the dou-
blet 1506 cm™!, 1520 cm™' and 1613 cm™!,
respectively, for glycine sample, while the two
bands combine to form an intermediate band at
1497 cm~! with extinguishing of the doublet and
1577 cm~! band in the spectrum of GHF sample.

The CH, scissoring, wagging and rocking
bands are located at 1443 cm~!, 1332 cm™!
and 910 cm~! for glycine and at 1437 cm™!,
1335 cm™! and 929 cm™! for GHF, while the
bands observed at 698 cm~!, 607 cm ™! for glycine
and at 686 cm~ !, 607 cm~! for GHF could eas-
ily be assigned to COO scissoring and wagging
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Table 1. Assignment of the FT-IR absorption bands for glycine and GHF single crystal.

Wavenumber [cm '] Assignment
Pure glycine GHEF single crystal
502 502 COO scissoring
557 H-F in-plane bending

607 607 COO wagging

698 686 COO scissoring

892 889 C—C stretching

910 929 CHj, rocking

1033 1043 C-N stretching

1111 NH, rocking

1131 1127 NH; rocking

1154 C-F stretching

1332 1335 CH; wagging

1412 1391 COO symmetric stretching

1443 1437 CHj; scissoring
(doublet) 1506 1520 1497 NH, symmetric scissoring
(doublet) 1506 1520 1577 NH; symmetric scissoring

1613 1577 NH; asymmetric scissoring

2123 2170 Cf)mbinati(?n bands o

(COO symmetric stretching + COO scissoring)

2895 2890 CH; symmetric stretching

3008 2964 CH; asymmetric stretching

3170 3110 NH; asymmetric stretching

vibrations. The COO symmetric stretching vi-
bration is assigned to the band at 1412 cm™!
for glycine sample and this band is shifted to
1391 cm™! in the GHF spectrum. NH, rock-
ing vibration can be assigned to the bands at
1111 ecm™! and 1131 cm™! for glycine and for
GHF single crystal; it is assigned to the band
centered at 1127 cm™!.

The bands at 1033 cm~! and 1043 cm™! are
assigned to C-N stretching vibration for glycine
and GHF, respectively. The bands at 892 cm™!,
889 cm~! are assigned to the C—C stretching vibra-
tion for glycine and GHF, while the CCO scissoring
vibration bands are found to coincide at 502 cm™!
in the two samples.

Monofluorinated compounds show a strong
band between 1000 cm~! and 1110 cm™',
and with more than one fluorine atoms, the
band splits into two bands, for symmetric

and asymmetric modes [9]. The carbon-fluorine
bands are so strong that may hinder the presence
of any carbon-hydrogen bands [10]. They may be
assigned to the new band observed at 1154 cm™!
in the spectrum of GHF.

3.3. Transmittance T and reflectance R
measurements

The measurements of transmittance T and re-
flectance R were performed at room temperature
on rectangular thin plates cut normal to the b-axis
direction from the grown GHF crystal, in the wave-
length range of 200 nm to 800 nm of incident radi-
ation as shown in Fig. 3. It is observed that, trans-
mittance increases gradually with increasing the
values of the incident wavelength. The spectrum
shows a transmittance cut off value at 232 nm af-
ter which the transmittance vanishes, indicating the
edge of the band gap. The incident wavelength is
absorbed by the crystal in such case.
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The total absorption coefficient « can be
calculated from the transmittance data using
Lambert formulas [11]:

[ =1,¢ % (1)

2303 [I,\ 2.303 1
=2 Plog (2 )= 22 10g ( = 2
a=2P0g(7) = (1) @

where d is the crystal thickness, T is the transmit-
tance and « is the absorption coefficient.

The reflectance spectrum demonstrated in
Fig. 3, shows a different trend than that of the
transmittance. The reflectance decreases rapidly at
lower wavelengths up to 400 nm, and then ex-
hibits a small minimum around 600 nm before it
stabilizes at a constant reflectance value around
1.2 % up to 800 nm.

R [%]

L) L | LA LR | L | LA WL W | L L
250 300 350 400 450 500 550 600 650 700 750 800
A [nm]

Fig. 3. Room temperature transmittance T and re-
flectance R spectra for GHF single crystal.

The main observation from the T and R data
for GHF crystal is the transparency in the visible
and near IR region. The T and R curves intersect
at 309 nm in spite of their great difference in val-
ues but that intersection point demonstrates the in-
version of the interaction mechanism between the
crystal and incident radiation from high transmit-
tance to high reflectance and vice versa.

3.4. Linear optical parameters

34.1.
index

Optical profile of materials can be estimated
from optical constants calculation and analysis.

Extinction coefficient and refractive

Optical constants are the parameters calculated
mainly from transmittance and reflectance data
which are considered as linear parameters and their
behavior could be predicted to provide information
about the interaction of light with the material.

Propagation of electromagnetic radiation in
absorbing materials can be described using a
dimensionless complex-valued refractive index
n = n + ik. The imaginary part controls light at-
tenuation within the material and is known as ex-
tinction coefficient k. The real part represents re-
fraction or change in the phase velocity of incident
radiation and is known as refractive index n.

The refractive index n can be determined by
measuring the reflectance from the surface of the
material, and could be obtained using relation [12]:

n= 7(1 + \/E) 3)
(1-VR)

The extinction coefficient k determines how fast
the amplitude of a wave decays in the material; it is
directly related to its absorption and could be cal-
culated from the following equation:

k=al/4n (4)

where o is the absorption coefficient and A is the
wavelength of incident light.

Values of k and n are depicted in Fig. 4. It
can be noted from the figure that the refractive in-
dex n increases with increasing photon energy. The
figure also implies that, the extinction coefficient
k decreases with increasing photon energy up to
4.346 eV and then continuously increases with in-
creasing photon energy.

3.4.2. Dispersion of refractive index

The values of refractive index n can be fit-
ted reasonably in the strong absorption region
(A < 600 nm) to a three-term Cauchy dispersion
relationship [13]:

B C
PR

where A, B and C are fitting parameters. Cauchy
dispersion works best for crystals and materials

n(A)=A+ 5)



690

A. ABU EL-FADL et al.

i F13x10”

F1.2x10"
-—1A1x10"
| .—1.0x10"
‘—9.0x10"-¥
‘-SAOXIOVS
.—7.0x10‘

6.0x10”

335

Fig. 4. The refractive index n and the extinction coeffi-
cient k of GHF single crystal.

with good transparency in the visible region of the
spectrum, thus, describes the normal dispersion of
the refractive index which indicates that refractive
index n monotonically decreases with increasing
wavelength.

Fig. 5 presents the best fit of n with A in nm
(scattered dots represent the experimental refrac-
tive index) which yields the expression:

3234.685 4.065x10%

SEEE

By extrapolating the refractive index values, ex-
pression 6 in the strong absorption region could be
estimated as shown by the solid curve in Fig. 5.
This indicates that GHF crystal belongs to the
Cauchy dispersion type. The parameter A in equa-
tion 5 represents the static refractive index ne
which can be obtained at A — oo,

n(A)=1258— (6)

Another way to explain the dispersion of re-
fractive index has been developed by Wemple and
DiDomenico (WDD) who suggested a model based
on a single oscillator formula [14, 15]:

e L (7)
E520 - (hV)
where E4 is the dispersion energy of a single os-
cillator and Egg is the single oscillator energy. The
dispersion energy Eq4 represents the strength of the
interband transition, while Ego represents the aver-
age excitation for electronic transitions.

o GHEF dispersion
Cauchy fitting

240 260 280 300 320 340 360 380 400
A [nm]

Fig. 5. Cauchy fitting of the refractive index n for GHF

single crystal.

1/(n2-1)

1304 140

17 18 19 20 ,21 _13 23 24 25
hvy’ [V
1.20 e ) [V

4 6 8

T T T T T T T T i1 T
10 12 14 16 18 20 22 24 26 28
(hv)* [eV?]

Fig. 6. Dispersion relation between 1/(n> — 1) and

(hv)? for the GHF single crystal; the inset shows
the area selected for the fitting.

WDD dispersion relation is plotted in Fig. 6,
and values of E4 and Egp have been determined
from the slope and the intercept of the linear por-
tion of ﬁ Versus (h\/)2 plot and the calculated
values are listed in Table 2. The obtained values
differ from the corresponding values of glassy ma-
terials for many reasons, as the type of electronic
transition in dielectric crystals is indirect interband
transition which affects E, value to be less than the
calculated optical energy gap.

WDD model suggests a formula to calculate the
oscillator wavelength as follows:

n2 —1 Ao\?
w1 (%) ®
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Fig. 7. 1/(n*> — 1) versus A~2 dispersion relation for
GHEF single crystal; the inset shows the area se-
lected for the fitting.

where n, is a static refractive index which can be
determined form equation 7 at diminishingly small
energy value hv — 0, A, is known as oscilla-
tor wavelength. A graph between (n” — 1)_1 ver-
sus (A)"? is plotted in Fig. 7. The values of the
static refractive index obtained from Cauchy and
WDD models do not match perfectly as presented
in Table 2. This deviation in the two models can
be explained by the fact that WDD has been as-
signed to the linear portion at any spectrum range
while the Cauchy model is applied only in the high
absorption region.

To determine the value of the oscillator wave-
length, a parameter SO can be introduced, by re-
arranging the oscillator equation:

1 1
(n> =1)  A2S0, A% SOy

©)

where SOy = (ng - 1) /A2 and the rearranged
equation is known as single oscillator strength.
Fig. 7 shows the dispersion of refractive index de-
scribed by equation 9 and the inset shows the nor-
mal dispersion region selected for the fitting. There
is a small deviation from linearity or a curvature in
the refractive index at longer wavelengths or small
energies as observed in Fig. 6 and Fig. 7. This de-
viation is due to negative contribution of lattice vi-
brations to the refractive index.

The GHF crystal dispersion behavior does not
exhibit any anomalous dispersion in the measur-
ing range which means that the incident radiation
does not match with any absorption frequency of
the crystal. A normal dispersion has been detected
which is linear in the lower wavelength region.
GHF crystal fits perfectly to the WDD model, thus,
the crystal can be treated as a single oscillator with
a wavelength in the UV region.

3.4.3. Lattice dielectric constant ¢ and contri-
bution of charge carrier N/m*

The data obtained for refractive index n can be
analyzed to get the lattice dielectric constant ¢ .
The relation between optical real part of dielectric
constant €., and the square of wavelength A2 is
given by [16]:

&2 N

2
— — A
4n’cle, m*

Ereal = N> — k> =€ — (10)

where e is the electronic charge, € is the dielec-
tric constant, €, is the permittivity of free space
(8.854 x 10~'2 F/m), c is the velocity of light, and
N/m* is the ratio of carrier concentration to the ef-
fective mass. The lattice dielectric constant and the
carrier concentration ratio can be calculated from
fitting of linear part representing the normal dis-
persion in the plot of n? versus A%. The plot is pre-
sented in Fig. 8, and the obtained values of €[, and
N/m* are listed in Table 2.

Table 2. Optical parameters for GHF crystal.

Parameter Value
Dispersion energy Eg, [eV] 8.453
Oscillator energy Eq4 [eV] 3.959
Static refractive index n., from
Cauchy formula 1258
Static refractive index n, from 1769
WDD model
Oscillator wavelength A, [nm] 146.29
Oscillator strength SOy [nm™2] 9.95x 1073
lattice dielectric constant €. 1.872
The ratio of carrier
concentration to the effective 3.52 x 1057

mass N/m* [m? - kg~ ']
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Fig. 8. The dispersion of n® versus A> for GHF single
crystal; the inset shows the area selected for fit-
ting.

Another important optical parameter is a com-
plex dielectric constant € since the resonant modes
or band structure of any material introduce spectral
variation of dielectric constant. The importance of
€ is that it may be associated with the design of
optoelectronic devices [17]. The complex dielectric
constant is described by the following relation:

(11

The real ¢., and imaginary e, parts of
the dielectric constant are related to n and k
by the relations:

Ereal = I’l2 - k2 (12)

Eim = 2nk (13)

The real part of the dielectric constant is as-
sociated with the speed of light attenuation within
the material while the imaginary part explains how
a dielectric absorbs energy from electric field [18].

Variations of the real and imaginary parts of
the complex dielectric constant (€req1, €im.) With
photon energy hv for GHF crystal are displayed
in Fig. 9, from which it is observed that the
graph of real part of dielectric constant against
energy is similar to that of refractive index.
Also, there are no significant peaks in the spec-
tra of the two parts of the dielectric constant

but the two curves intersect around incident photon
energy of 3.1 eV. The two parts show an opposite
behavior in the energy range of 2.2 eV to 4.5 eV
which indicates an interaction between electrons
and photons of the incident light in this range, after
which the two curves exhibit significant increment
resulting from polarization increase in the crystal at
high energies or low wavelengths.

3.6x10"

F3.4x10"

F3.2x10"

3.0x10"
F2.8x10"

b F26x10"

im.

real

Lo asio
Lo ov10°
L2 ox10
L 1 8x10”
L1 6x10”

T T T T
15 2.0 2.5 3.0 3.5 4.0 45 5.0 35

hv [eV]

Fig. 9. Spectra of real €, and imaginary €y, parts of
the dielectric constant for GHF single crystal.

The real and imaginary parts of the dielectric
constant can also be employed to calculate the
spectral behavior of the real o) and imaginary o,
optical conductivities according to the following
relations [19]:

oc*=0,+i0, (14)

01 = O &€y and 02 = ® Ex€ren (15)
where w is the angular frequency, ¢, is the per-
mittivity of free space. The spectral behavior of
the real and imaginary optical conductivities in the
photon energy range 1.5 eV to 5.4 eV is illustrated
in Fig. 10.

The spectra in Fig. 10 show an opposite trend
of the two parts of optical conductivity, as o; in-
creases slightly with increasing photon energy up
to 4.9 eV after that it starts to increase rapidly
with the increase of photon energy. The value
of 0, decreases monotonically with increasing
photon energy in the overall measuring range of
photon energy.
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Fig. 10. Spectra of optical conductivities o] and o, for
GHEF single crystal.

3.5. Temperature dependence of optical
band gap

The optical band gap of material can be deter-
mined from the UV-Vis transmittance spectra using
Tauc expression [20] for allowed indirect optical
transitions:

w0’ o o< (hw — E,)* (16)

where « is the optical absorbance at photon energy
hw and w is the frequency of the incident radia-
tion. An expression can be employed to determine
the optical energy gap E, by introducing the pro-
portionality constant v2:

w’a = vi(ho — E,)? (17)

The substitution of w in terms of the wave-
length A in equation 17 and solving for « yields:

h
ve

Eg

e _— —V—

A 2wA 2mce
Thus, a plot of /& against A should be a straight
line. The fitting of the straight line yields a negative
E, . . h .

slope equal to v5= and an interception v, with
the /o axis. In this way the optical energy gap E,

can be easily evaluated.

(18)

The spectral distribution of the optical absorp-
tion v/« as a function of wavelength A in the range
of 200 nm to 800 nm was measured in the tem-
perature range of 308 K to 358 K. From these re-
sults, the /o« — A dependence at different crystal

temperatures is exhibited in Fig. 11, which shows a
typical Tauc plot with the inset showing the linear
portion employed in the fitting. The general trend
of o at any temperature shows a continuous de-
crease with increasing A and the absorption edge
is observed at low wavelengths where o increases
more rapidly. The straight portion of the curve was
then extrapolated and its intersection with the ab-
scissa was determined. The band gap was then eval-
uated at different temperatures for GHF samples
using equation 18.

74 = Temp. [K]
72 4 75 =308k 308
70 4 70 310
63 e ——315
66 9 Ry 318
64 4 Eo s
_ 62 g 55 1 328
g ig: sof Vs 333
E 56 4 15 S — —— 336
L 54 ] | 341
3 52 ——345
50 —— 349
48 4 353

46 4

44 4

424

40 4

T T T T Ll T T T T T
200 250 300 350 400 450 500 550 600 650 700 750 800
A [nm]

Fig. 11. Tauc plot for GHF single crystal at different
crystal temperatures; the inset shows the fitting
of the linear portion employed in calculating
the optical energy gap.

The values of E, vary linearly with tempera-
ture as depicted in Fig. 12. The calculated temper-
ature gradient of the band gap JE./9ddT is equal
to —0.022 eV/K. Raising crystal temperature shifts
the optical gap towards the lower energy side. The
variation of the band gap energy may be attributed
to the temperature dependent expansion or the lat-
tice widening which induces a shift in relative po-
sitions of the valence and conduction bands with
decrease in the optical transition energy. The rela-
tive positions of valence and conduction bands may
also be shifted due to interactions between elec-
trons and phonons.

The slight change in the band gap with increas-
ing crystal temperature may also be due to irreg-
ular changes in the defect concentration present
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in the structure in addition to the possibility of
recombination processes as described in our pre-
vious work for (NH4)>ZnCl4[Kx(NHy4)_x]2ZnCly
and (TMA),ZnCly single crystals [21, 22]. Another
hypothesis for the decrease of the indirect optical
energy gap with increasing temperature has been
proposed as thermal activation of the crystal re-
sulting in increasing the phonon energy which can
be associated with the indirect electronic transition.
As aresult, a total decrease in the energy of the in-
direct transition is observed [23].

5.2
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494
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> 4.6
454
4.4
434
424
4.1
4.0

E [eV]

T rrrrrrrrrrrrrrrrrror-°
305 310 315 320 325 330 335 340 345 350 355 360
Temperature [K]

Fig. 12. Optical energy gap dependence on crystal tem-
perature.

3.6. Urbach tail energy

The density of localized states could be esti-
mated from Urbach rule [24]:

o = o,exp(hv/E,) (19)

where «, is a constant and E; is the Urbach tail en-
ergy which describes the width of the tails formed
in the forbidden band gap due to the presence of lo-
calized states. To calculate the Urbach tail energy, a
graph of Inx versus hv has been plotted (Fig. 13a)
and from the straight portions of the curves the
Urbach tail energy has been evaluated. The band
tail energy E. dependence on the temperature T
is shown in Fig. 13b. The Urbach tail energy E.
shows a trend opposite to the optical energy gap E,
as it increases with increasing crystal temperature.
This may be explained in terms of assumption that

the temperature increase results in an increase in
unsaturated defects in the energy gap which in-
crease the density of localized states of Urbach tail
E. in addition to a decrease in the optical energy
gap values Eg.
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Fig. 13. (a) In « versus hv at different temperatures for
GHF single crystal; (b) Urbach tail energy de-
pendence on the crystal temperature.

3.7. SHG investigation

The harmonic generation is a nonlinear optical
process in which photons interacting with a non-
linear medium are effectively "combined" to form
new photons. The nonlinearity in single crystal is
observed under certain conditions such as inter-
action with an intense electromagnetic radiation.
Second harmonic generation (SHG) is a nonlin-
ear phenomenon observed when a crystal is irra-
diated with high intensity radiation. The incident
photons induce polarization in the crystal caused
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by the electric field of the electromagnetic radi-
ation. This phenomenon cannot be observed in
centrosymmetric structures. The technique em-
ployed in this investigation was developed by Kurtz
et al. [25]. The employed powder technique is con-
sidered as an initial categorization of materials ex-
hibiting SHG or not, and thus, screening materials
for nonlinear optical applications.

In a typical measurement, Q-switched laser
beam with a fundamental wavelength of 1064 nm
was focused on a grinded powder of GHF sin-
gle crystal in a nondestructive procedure. The en-
ergy delivered in each pulse, equal to 1.1 mJ per
pulse with a repetition rate of 10 Hz and average of
256 shots, produced an output voltage confirming
the harmonic generation or not. This output volt-
age was compared with the output voltages mea-
sured for potassium dihydrogen phosphate (KDP)
and urea as reference samples as they showed the
highest SHG efficiencies. GHF powder sample pro-
duced an output voltage equal to 17 mV, while the
reference samples produced 72 mV and 28 mV for
urea and KDP, respectively.

The calculated SHG efficiency of GHF sam-
ple is comparable to KDP as its output voltage
equals to 0.607 output voltage of KDP at the op-
erating conditions discussed previously. This re-
sult allows us to include the crystal into the SHG
family and also provides the conclusion that GHF
crystal does not possess a center of symmetry. Fur-
ther modification of GHF crystal is possible by
adding different dopants making it more efficient
like in the case of doping KDP crystals with La™>
ions [26]. That point needs further investigations;
therefore, we will take this study into consideration
in the near future.

4. Conclusions

Glycine hydrofluoride (GHF) crystals were syn-
thesized from aqueous solutions and a single crys-
tal of good optical quality was obtained. The crystal
in a powder form was subjected to X-ray investiga-
tion. The analysis revealed that GHF crystalizes in
the orthorhombic crystal system with lattice param-
etersa = 15.528 A, b = 14.0949 A, c = 15.749 A.

FT-IR spectra of GHF samples were measured
between 4000 cm~! and 400 cm~! and the func-
tional group were identified and additional fluoride
based bands were assigned.

Optical parameters, such as absorption coeffi-
cient «, extinction coefficient k, refractive index
n, high frequency dielectric constant €, optical
conductivities oy, 0, and the carrier concentration
to the effective mass ratio N/m* were determined.
Single oscillator model was employed to analyze
the normal dispersion of the refractive index. In
addition, Cauchy model was applied to the refrac-
tive index in the high absorption region and the
crystal demonstrated an excellent fitting to the for-
mula. The absorption mechanism was found to be
due to optical indirect transition, and the depen-
dence of the absorption coefficient o« on the in-
cident photon wavelength A in the spectral range
of 200 nm to 800 nm was reported in the tem-
perature range 308 K to 358 K. The indirect op-
tical gap E; was found to be strongly dependent
on crystal temperature and showed a decreasing
trend with increasing crystal temperature. Urbach
tail energy E. increased with increasing tempera-
ture showing an opposite behavior to the optical en-
ergy gap E;. GHF single crystal has SHG efficiency
of 0.607 compared with KDP crystal, and this re-
sult includes GHF into the SHG material family. It
also proves that GHF does not crystallize in cen-
trosymmetric structure.
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