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The refractive index of GaAs has been measured in the wavelength range from 0.97to, 17
which covers nearly the entire transmission range of the material. Linear and quadratic temperature
coefficients of the refractive index have been fitted to data measured between room temperature and
95°C. In the midinfrared, the refractive index and temperature dependence are obtained from
analysis of etalon fringes measured by Fourier-transform spectroscopy in undoped GaAs wafers. In
the near infrared, the refractive index is deduced from the quasiphasemdai@fiy wavelengths

of second-harmonic generation in orientation-patterned GaAs crystals. Two alternative empirical
expressions are fitted to the data to give the refractive index as a function of wavelength and
temperature. These dispersion relations agree with observed QPM conditions for midinfrared
difference-frequency generation and second-harmonic generation. Predictions for various nonlinear
optical interactions are presented, including tuning curves for optical parametric oscillators and
amplifiers. Also, accurate values are predicted for QPM conditions in which extremely large
parametric gain bandwidths can be obtained.2@D3 American Institute of Physics.
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I. INTRODUCTION cations. Conversely, observation of phasematching wave-
lengths provides a means for accurate characterization of the
GaAs is a material of great technological importance forgispersion.
use in a variety of electronic and electro-optical devices. |pjtial studies of QPM in GaAs used wafer bonding to

Thanks to a wide transparency range, between about 0.9 aRgdyicate periodic structurdspplications of this technique
17 um in wavelength, GaAs is also used for infrared optics., ore limited to long wavelengths>(4 xm) and, in most

I_n partlcu!ar,z(_SaAs IS 'seen as a promising material for non'c:ases, used higher order QPM, which resulted in lower effi-
linear optic$? in the midinfrared due to its favorable mate-

rial properties, which include high nonlinear susceptibility, ciencies for nonlinear interactiofiS. More recently, an aII—.
low absorption, high laser damage threshold and high thef£Pitaxial process has been developed that permits litho-
mal conductivity, as well as established material technologydraphic definition of the QPM structure. The resulting
In all optical applications, the refractive index of the materialMmaterial is termed orientation-patterned Ga@-GaAs3."®
is an essential parameter for device design_ ThrOUgh a combination of different grOWth tEChniques, it has
For efficient nonlinear optical interactions, the interact-been shown that OP-GaAs can be fabricated with le(@th
ing waves must maintain a constant phase relationshipim) and thicknesg500 um) sufficient for practical bulk
(“phasematching) throughout the crystal. Birefringent nonlinear interactions. Difference-frequency generation of
phasematching, which is often used to compensate for dignidinfrared radiation has been demonstrates has highly
persion, is not possible in GaAs because it is optically isoefficient second-harmonic generation>80% internal
tropic. However, comparable efficiencies can be obtained byfficiency!). An important advantage of midinfrared sources
quas_iphasematchir(@PM)., whe_re t.he nonlinear optical SUs- pased on OP-GaAs is that they can be pumped by well-
ceptibility of the crystal is periodically modulate@refer-  yoyeloped near-IR lasers, thanks to the material’s wide trans-

ably inverted to compensate for refractive index dispersion. parency range. Important applications of OP-GaAs include

The QPM period for a given set of interacting Wavelengthsspectroscopy, remote sensing and infrared countermeasures.

depends critically on the material dispersion. Therefore, de- The refractive index of GaAs has been the subject of

sign of a QPM structure requires knowledge of the wave- blicatiors7 In addit h d
length and temperature dependence of the refractive indd}/merous publicatio - ina ftion, the temperature de-
with accuracy exceeding that required by most other app"pendence of the refractive index has been treated separately

in a number of paper$-2°However, many of the previous

N _works considered only part of the spectral transmission win-
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Defense Research Establishment, 2007 Kjeller, Norway; electronic mail: ow o S. Furthermore, the accuracy provided in earlier
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with short-wavelength pump lasers. These reasons, combinegrvable in simple transmission spectrosctpyThe
with the renewed interest in GaAs for nonlinear optics, mo-roundtrip phase shift of normally incident light in the etalon
tivate more accurate characterization of the material. formed by the plate surfaces is
In this article, we present accurate measurements of the

. . . 47nd
dispersion of undoped GaAs and its temperature dependence, ¢= )
based on nonlinear optical measurements as well as on con- A
ventional spectroscopic and interferometric techniques. Thejeally, the power transmissiof e, resulting from mul-

results are given as physically founded empirical fit func-tiple Fresnel reflections, has the form of an Airy function,
tions for the refractive index as a function of wavelength and

4

temperature, which are valid from 0.97 to Lm in wave- T, t:;_ (5)
length (10 350—590 cnt). This range spans from near the PRIET1+F sir’ /2
GaAs band gap at 0.8&m (11500 cm*) to the onset of \yhereF is given in terms of the Fresnel amplitude reflection
multiphonon absorption. coefficient of one interface asF=[2r/(1—r?)]%. Even if
the shape and amplitude of the fringes are distorted by mea-

Il. THEORY surement imperfections, their period and phase depends sen-
A. Quasiphasematching and effect of dispersion smvgly onn through_qu.(4) a_nd (_5). At a transmission
errors maximum, the refractive index is given by

Consider a nonlinear interaction between three plane n()\):& 6)
waves of frequencies,, ws, and w;, termed the pump, 2d’

signal and idler, respectively, thgt are related dy= ®s  where the integeN= /27 is the fringe order, which must
+ ;. When the waves propagate in a homogeneous, d'SpeB'e known to determina. Ford>\, the correct value oN

SIve mzd_luT, the pfh?hse. mismatch ltoetW;EE ﬁhin; S‘T be eﬁiay not be immediately clear from the transmission spec-
pressed in terms ot their wave Vectors Bs=Ky = Ks—K; . trum if the fringe count is lost towards long wavelengths due

In a qulastl—phbas{e—matched |nteract|ort1_, the_t;r)]h;;e er:orhthﬁ; phonon absorption and/or the limited spectral range of the
accumulates between waves propagating with diterent Phasfiqy, ment. However, if a physical model of the dispersion at

velocities is periodically reversed by modulation of the prop—Iong wavelengths is available, antis not too large, only

erties of the nonlinear material. The required period of this ; - : ;
. o one choice of fringe couril for a given peak will make Eq.
modulation A is given by 2rm/Ak, where m, an odd g g P d

iel i ith th I i
integer?! is the QPM ordefwith m=1 being the most effi- (6) yield ann(i) consistent with the model over a wide

. i S spectral rangé!
cient casg® A is given explicitly in terms of vacuum wave- P g
lengths and refractive indices as

A=m/(ny/N,—ng/Ng—ni/N\)). (1)
. . . To supplement interferometric measurements of the re-
Eor a glyenA, the accept_ance_ band_W|dth of_a QP_M INterac-f-a ctive index, particularly at shorter wavelengths, we have
tion is dictated by material dispersion and is typically Very ised QPM SHG interactions of different ordens From Eq.

narrow. To fabricate a QPM structure for a given set of ) \ye see that, at the phasematching wavelength, the refrac-
wavelengths, the dispersion must therefore be known Ver¥ e index for the second harmonic is given by

accurately in order to predict.
To estimate the target accuracy for our dispersion rela- B . mA,,
tion, consider the case of second-harmonic generé86iG) N(Ao/2)=n(k,)+An=n(r,)+ 2A

with fundamental wavelength,, . In this case, the required In our case, the refractive index at the fundamental wave-

QPM periodA is length is determined by independent interferometric mea-

A=m\_,/(2An) (2 surements. Then from SHG measurements, we can use Eq.
(7) to determine the refractive index at shorter wavelengths
n(\,/2) once we known(\,).

C. Determination of the refractive index using SHG

)

whereAn=n,,—n, is the difference in refractive index for
fundamental and second-harmofsH) waves. Based on Eq.
29 in Ref. 3, we find the error idn that leads to a decrease
of SHG efficiency by 50% is D. Refractive index temperature dependence

6An=0.22\ /L, (3 The change in refractive index with temperature can be
where L is the length of the nonlinear material. Far, d(_atermined from the temperature depe_ndence O.f the etalon
—2um andL=1cm, this refractive index erropAn is fringes. Ford>)\.and moderate d|sper5|on, the fr!ngg spec-
4% 1075, trum near a given wavelength is nearly periodic, and
temperature-induced changes of this periodicity correspond
to changes in the roundtrip phage Here we wish to deter-
mine temperature variations around room temperature where
the refractive index has been accurately measured. A series

The refractive index of a plane parallel plate of thicknessexpansion of¢ to second order in the deviatiohT from
d can be determined from the etalon interference fringes obroom temperature gives

B. Interferometric determination of the refractive
index
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4d an 1 da TABLE |. Characteristics of OP-GaAs QPM samples. The experimentally
d(AT)~—|n+|na+ —=|AT+ | 2a—=+n— measured phasematching wavelengths are given for SHG of different QPM
A aT 2 aT aT orders atT=21°C. The QPM grating period of the sample is shown for
7n m=1, and the equivalent first-order QPM period is given o 1.
2 2
Tha’+ (ﬂ-?) AT=, 8 Equivalent
QPM period,
wherea is the thermal expansion coefficient of the material, Length QPM order, A/m N2
which is well known for GaAs. Given experimentally mea- Sample  (mm) m () (nm)
sured¢(AT) over a range of temperatures, we fit the coef- | 10 1 61.2 2065.9
ficientsay, a; anda, of a quadratic dependence E 10 1 38.6 1757.5
) c 23 1 26.3 1546.8
P(AT)~ap+a;AT+aATe. C) L 10 3 20.40 1427.3
- : : L 10 5 12.24 1220.3
By comparing Eq(9) with Eg. (8), we find . 10 9 6.80 1031.4
an A L 10 11 5.56 979.1
—=——a;—n 10 c 23 5 5.26 966.1
JT  Amd°t ¢ (10
and
2 - . .
gn_ A a—nlZ_,, 90 (11  @nd specified thickness of 5025 um. For SHG experi-
T2 27d %% T aT aT’ ments, we used several OP-GaAs samples grown by a com-

bination of molecular beam epitaXiMBE) and hydride va-
por phase epitaxyHVPE), described in Ref. 22. The OP-
GaAs samples were 5Qam thick and 10 or 20 mm long and
had optically polished end facets. The characteristics of the
To fit the measured dispersion, we use a function of thegpm samples are listed in Table I. The QPM periods were

where a numerically small term ia? has been neglected.

E. Functional form for the fit expression

form given as Eq(4) by Pikhtin and Yas’kov in Ref. 9: defined by photolithography, and the resulting uncertainties
o . A| E%—(ﬁw)z (£,) E%—(ﬁw)z in the QPM |fieri0d zire_z fma_ll in (k:)o:nparison to estimates of
=1+— measurement uncertainty given below.
o) =1+ il g 5,2 EZ— (hiw)? y9
Gs (1 B Transmission spectroscopy measurements

=l
B3~ (ho) A Perkin-Elmer Spectrum GX Fourier transform infrared
wherefiw=hc/\ is the photon energyh(is the Planck con- (FTIR) spectrometer was used to record transmission spectra
stant andc is the speed of light in vacuumThis form ap- through semi-insulating GaAs plates at#22 °C from the
proximates the physical properties of a semiconductor mategnstrument limit at 1.5um in wavelength to the onset of
rial with band gap E,. Through Kramers—Kronig absorption in GaAs at 1Zm. The resolution was 1 cnt,
relationships, Eq(12) implies a spectrum for the imaginary which was enough to resolve the interference fringes that had
permittivity equal toA from Ey to E4, (&,) from E; to Ej, periods of about 2.5 cit. Due to convergence of the spec-
and zero elsewhere apart from an undamped phon&yat trometer beam at the sample focus, residual nonparallelism
This form will hereafter be referred to as the Pikhtin form. between the sides of the sample and finite resolution, the
We have also fit a more commonly used Sellmeier-typeobserved fringe amplitude was less than that predicted for an

function with three undamped oscillator terms: ideal plane wave, with significant variations between differ-
ent samples. For determination of the refractive index at
n(\)=go+ _291 —+ _292 —+ _293 —. room temperature, we used data from the sample that had the
A "M Ay "= Az“—A best interference contrast. This sample exhibitéglo peak-

13 to-peak oscillation in power transmission across the entire
This expression is also physically based and obeys Kramersspectral range, with increasing amplitude towards longer
Kronig relationships but, compared to H32), it represents wavelength.
a more coarse approximation to the material properties. To characterize the temperature dependence, the sample
Temperature dependence of the refractive index is introwas placed inside a temperature regulated-aluminum block
duced into Egs(12) and (13) by adding fitted temperature that was stabilized to within 0.1 °C by a temperature control-
coefficients to the characteristic energies, wavelengths ler. Transmission spectra were recorded at a series of differ-

\i, or g; coefficients. ent constant temperatures in approximately 2 °C intervals
from 25 to 92 °C. Each step in temperature resulted in a shift
IIl. EXPERIMENT of the transmission oscillations by approximately one tenth

of a period, as illustrated in Fig. 1. Care was taken to allow
time for temperature stabilization before each measurement.
Interferometric measurements were performed using unthe sample temperature was read by a separate thermo-
doped semi-insulating GaAs substrates from Wafer Technoleouple in contact with the sample. We estimate that this ther-
ogy Ltd. with “epitaxy-ready” surface polish on both sides mocouple measured the actual change in sample temperature

A. Samples
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93°C =1-11) in several samples to cover a range of second-
NN SN harmonic wavelengths from 0.97 to 2.@. In this fashion,
S~ we were able to obtain the difference of refractive index,
oSS An=n,,—n,, between the fundamental and SH waves us-
cl"" ing Eq. (7). Table | summarizes the properties of the OP-
.g W GaAs samples used and the observed phasematching condi-
8 xS oS tions for SHG of different QPM orders. The SHG data were
A e————— measured at room temperature21L°C. A small correction
P W was made to the second-harmonic wavelengths to account
= W for QPM peak shifts that resulted from beam focusiighe
W corrected values, given in Table I, correspond to a plane-
W wave interaction for which Eq1) holds exactly.
XSS In the range of 1.9-3.6um, the fundamental beam is
L L L L \\25°C produced by an optical parametric oscilla(@PO based on

2000 2002 2004 2006

Wavenumber (cm'1) periodically poled lithium niobatéPPLN). The OPO was

pumped by a diode-pumped Nd:YAG lag&pectra-Physics
FIG. 1. Example of interference oscillations observed by FTIR transmissionl-40) with 20 ns pulse width, 1.6 mJ/pulse, repetition rate
spectroscopy at different temperatures. The temperature increment betwed®0 Hz to 1 kHz. The OPO delivered pulse energies of 100-
curves is about 2 °C. For clarity, the curves are offset vertically. The oscil-o wJ. At longer wavelengthg4—4.2 um) we used an
lation amplitude here is about 6% peak to peak. erbium-laser-pumped,  zinc—germanium-phosphi@GP)
OPO?* The focusing conditions of the fundamental beam
with no more thant 1 °C error between the lowest and high- inside the OP-GaAs crystals. were close to confoca!. The
est temperatures. SHG oqtput was launched into a monpchromgmobm
Yvon Triax 550, 150 grooves/mm grating, calibrated to
+1 nm with a HeNe laséror into an optical spectrum ana-
. lyzer (Advantest Q8384;- 0.5 nm accuragyto measure the
To characterize W/dT for the shortwave part of the spectrum of the second harmonic while the fundamental
GaAs transmission range not covered by our FTIR spectromgpgo wavelength was tuned.
eter, we made laser interferometry measurements at 1.064, Measuring the SH while tuning the OPO has the advan-
1.319, 1.514, 1.550, 1.575 and 2.018. For these measure- tage that the broad structure of the OPO spectrum is filtered
ments, the laser wavelength was held fixed and tfle samplg, the nonlinear interaction. The position and width of the
temperature was ramped 1.0 °C/min from 23 to 95 °C whilesecond-harmonic peak are dictated by the QPM condition
transmission of the laser beam through the sample was rgqnd are not strongly dependent on the spectral width
corded. A typical measurement result is shown in Fig. 2. Asspectral positionof the fundamental beam. This effect was
above, the temperature of the sample was measured bye%pecially important when the PPLN OPO was operated
separate thermocouple, and the uncertainty was estimated ¢fyse to degeneracy\ &2 um) where its spectrum became
be less than- 1 °C between the lowest and highest temperaqyite broad. The filtering effect is illustrated in Fig. 3, which

C. Laser interferometry

tures. shows the SH spectrum obtained via fifth-order QPM in OP-
GaAs sample C, together with the fundamental OPO spec-
D. Second-harmonic generation trum.

To determine the refractive index in the spectral range !N order to validate predictions of the temperature depen-
between the short wavelength limit of the FTIR and thedence of the SHG phasematching wavelength, OP-GaAs
GaAs band gap, we exploited the fact that the phasematchirggmple L was placed in a temperature regulated aluminum
wavelengths for nonlinear interactions sensitively depend ofolder and the first-order QPM peak position was measured
dispersion. We used QPM SHG of different ordems ( for several temperatures in the range of 25—-150°C.

_5 10 F E. Difference-frequency generation experiment

8 08 For further validation of the model's predictions,
% : difference-frequency generatigpFG) using two near-IR la-
§ 06 - sers(pump and signalwas performed to generate a midin-
: 04 frared idler beam. A continuous wavew) pump bean{tun-

2 able between 1.27 and 1.34n at 1-3 mW was mixed with
% 0.2 a 1 W cw signal beanffixed at 1.536um) in an OP-GaAs
oolet Lo L. 111l sample with 26.3w:m QPM period. The resulting idler beam,

20 30 40 50 60 70 80 90 100

o around 8um, was detected by a cooled HgCdTe detector,
Temperature ("C)

and the DFG phasematching conditions were measured. The

FIG. 2. Sample data showing transmission of a 1575 nm laser beam through FG s_etup is described in detail in Ref. 2 The quasiphase-
a GaAs wafer as a function of the temperature. matching wavelengths were determined for several
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OPO Wavelength (nm) Wavelength (um)
1880 1900 1920 1940 1960 1980 2000 36 29_?0 54 3 2 .
0.03 —TTT 7 )
OP-GaAs L (a)
;? -26.3 um period 35
pc 5th order QPM }. OPO Spectrum <
; 0.02 |- i 8
:'% /” “I E 34
c R i “ [}
2 /| + SH Spectrum 2
£ / ' Q
< 001 : . S 33
+= ] : )
(5] ! \ x
[0 i " ! \
o I \
2] ! J ARPEEN 3.2
0.00 |-~ S -
N 1 1 1 - =
940 950 960 970 980 990 1000 € o.0002
SH Wavelength (nm) 2
c
FIG. 3. Second-harmoni(SH) spectrum obtained via fifth-order QPM in o 0.0000
OP-GaAs, with grating period 26,@m and length 10 mm, shown together "@'
with the fundamental OPO spectrum. The SH spectrum is sharply defined > _0.0002
due to the narrow width of the QPM peak. % ’ L | | | |
c 2000 4000 6000 8000 10000
-1
GaAs sample temperatures between 30 and 110°C. QPM Wavenumber (cm )
peqk shifts due to focus!ng are n_egllglble for the DFG EXFiG. 4. (a) GaAs refractive index at 22 °C obtained from FTIR spectros-
periment, and no correction for this effect was made. copy and from QPM SHG experiments. The solid line is calculated from Eq.

(12) using the parameters listed in Table () Refractive index deviations

from the Pikhtin form fit, Eq(12). The solid line shows the deviation of the
IV. DATA ANALYSIS AND RESULTS fitted Sellmeier form, Eq(13), from the Pikhtin fit. For both plots, closed
and open circles indicate FTIR and SHG data, respectively. Every 10th point

A. Refractive index at room temperature is shown in(a) for clarity.

The refractive index down to 1.am can be calculated
from the FTIR transmission fringe maxima using EE),
provided that fringe ordeN and sample thickness can be  mechanical measurement of the sample gave a thickness of
determined. In the following, we show that only one choice516 um, with an estimated uncertainty of3 um or
of fringe order and a very narrow range of thickness are+0.6%.
consistent with the combined FTIR and SHG data. The thickness can be determined somewhat more accu-
We first determined the position of all transmission rately than by mechanical measurement by combining FTIR
fringe maxima in the FTIR spectruiiby local least-squares and SHG data. Note that the SHG measurements give the
fitting of a sine to the transmission spectrum over successivdifference in refractive indedn according to Eq(2) with-
overlapping spectral intervals a few fringes wid€he abso- out reference tal, relying only on the QPM period which is
lute fringe orderN at the long wave end of the measured accurately determined by photolithography. In contrast,
FTIR spectrum could be uniquely determined by trying dif-from the FTIR measurement varies inversely withas is
ferent value¥ and fitting the Pikhtin(or Sellmeief expres-  implied by Eq.(6). For the first three SHG data points, both
sion to the resulting refractive index values. If an incorrectthe fundamental and second harmonic are within the FTIR
fringe count is used, the resulting refractive index valuesspectral range. The sample thickneéssan be estimated by
diverge towards long wavelengths, and the shape of the disequiring consistency betweeAn values obtained from
persion becomes highly inconsistent with physical models oFTIR and SHG.
the dispersion. For these data points, we find that the mean difference
Dotted lines in Fig. 7 illustrate the effect of offsetting all betweenAng g andAn from SHG is zero if we assume a
fringe orders by*+ 1 relative to our best fit. Even if the Pikh- thickness of 514.Jum, with standard deviation of the mean
tin or Sellmeier expressions are refitted to data with incorequivalent to a+0.2% variation in thickness. The relative
rectly chosen fringe orders, the resulting fit function invari- uncertainties in wavelength and fringe count are small com-
ably exhibits large systematic deviations from the data. In thared to this uncertainty in thickness. Therefore we estimate
case of a+ 1 offset in fringe order, the average deviation of the uncertainty oh to be 0.2%.
the best fit to the resulting data is more than 10 times larger  Thus without reference to other measurements, the com-
than that for the fit obtained using the correct fringe order. bined FTIR and SHG data provide a unique determination of
The thicknesgl then remains to be determined, but can-fringe order and an accurate measurement of thickness. To-
not readily be measured mechanically to within the sameether, these data result in the set of measured refractive
accuracy as the fit of FTIR fringe peak positions. A simpleindex values that are plotted in Fig. 4.
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Wave|ength (Hm) TABLE Il. Fitted parameters for the temperature dependent dispersion given
2010 54 3 2 1 by Eqgs.(12) and(13). AT is the deviation from the reference temperature
3.2 ' 22°C. For Eq.(12), the photon energy in eV was calculated &&
3.0 [ (a) ] =1.239 8424 with \ given in um.
— I 1 Parameter Value
'-'x 28 -
- F L Pikhtin form, Eq.(12)
o 26 -
NS L J Ey (eV) 1.425000-0.000 371 6AAT—7.497< 10 7 AT?
- 24 4 E, (eV) 2.400 356-0.000 514 5&\T
e L 4 E, (eV) 7.691979-0.000 465 4AT
% 22+ - E; (eV) 0.034 303-0.000 011 3&AT
L : (&5) 12.993 86
20 — Gj 0.002 18176
- 1 A 0.689 578
1 Sellmeier form, Eq(13)
< 4.0 T Ap (um) 0.443 1307-0.000 050 56 AT
,34 I i Ny (um) 0.874 6453-0.000 1913AT—4.882<10°7 AT?
o 30 = A3 (um) 36.9166-0.011 622AT
N - - do 5.372514
N|_ 20} _ 01 27.83972
o | | g, 0.031 764-4.350< 107 ° AT+4.664< 1077 AT?
= O3 0.001 4363 6
o 10 E
0.0 1 1 N 1 N 1 " 1

0 2000 4000 6000 8000 10000
Wavenumber (cm™) perature uncertainty in the 70 °C interval of the experiment.
This contributes a relative uncertainty &f1.4% in ch/dT.

FIG. 5. GaAs refractive index temperature dependet@edn/dT and (b) For the second-order temperature dependence, the data ex-
d?n/dT? at 22 °C, determined by FTIRclosed circles and laser interfer- hibit scatter of about- 15%.

ometry (open circles The solid line is calculated from the fitted model. In

both (a) and (b), the Pikhtin and Sellmeier fits are indistinguishable from

each other.

C. Empirical fit function

Pikhtin and Yas’kov's dispersion expression, Ef?2),
and the Sellmeier form, Eq13), are fitted to the room tem-
To obtain the temperature dependence from FTIR transperature data in Fig.(4). FTIR and SHG data were weighted
mission data recorded at different temperatures, we first dedifferently in the fits to account for different sampling den-
termined the temperature-induced phase shift of the interfessities. The resulting fit parameters are given in Table II.
ence oscillationgfrom the phase shift of a locally fitted sine Both forms provide an excellent fit to the measured data,
as a function of the temperatyr&his phase shift is identical as seen in Fig. 4. In the Pikhtin form, the paramefgris
to a shift in ¢ given by Eq.(8). The coefficients of Eq(9)  fixed to 1.425000 eV, a number close to the literature value
were determined from these data by least-squares fits. THer the band gap at 295 ® Allowing E, to vary along with
resulting coefficients were extensively scattered in a fewall the other parameterdisted in Table 1) causedE,, E;
spectral regions with low oscillation amplitude because ofandE, to move far away from their corresponding physical
slight nonparallelism in the faces of the sample used foenergies, at which point the dispersion model is no longer
measurement of the temperature dependence. These regidyased on true critical energies and is thus highly unphysical.
were excluded from the subsequent analysis. For the Sellmeier form, all parameters are varied. The differ-
For the laser transmission data recorded at shorter wav@nce between the fits is comparable to the scatter in the data,
lengths, the transmission measured as a function of the tenand the amount of scatter is very similar for the two fits.
perature was fit directly to a combination of E¢S). and(9). The effect of the temperature is empirically modeled by
The fit parameters werg, ay, a; anda,. adding linear and quadratic temperature coefficients to the
The combined FTIR and laser transmission measurecharacteristic energieg; of the fitted Pikhtin form and
ments gave linear and quadratic temperature coefficients fawvavelengths\; and g; coefficients of the fitted Sellmeier
¢ over the wavelength range from 1.064 to &m. From  form. The quadratic temperature coefficients were added to
these temperature coefficients, we determineddd and the parameters associated with the band gap for the
d’n/dT? using Egs.(10) and (11). We have assumed Pikhtin form, \, andg, for the Sellmeier form No statisti-
=5.756x10 ® K™ and ch/dT=5.5x10"° K~? at room cally significant improvement to the fit was obtained by al-
temperature for GaA® The resulting temperature depen- lowing additional energy terms to have quadratic tempera-
dence of the refractive index is shown in Fig. 5. ture dependence. The linear-coefficient values are
We estimate that the uncertainty in the measured lineadetermined by fitting the temperature derivatives of the dis-
temperature dependence is dominated by the°C tem-  persion expressions to the/T data in Fig. %a). The qua-

B. Temperature dependence of the refractive index
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dratic temperature coefficients of the fit are found from the fit 458 |
to the dn/dT? data, as shown in Fig(B). ' (a)
424 |

D. Comparison of fit functions with QPM results 422

Comparison with observed QPM peak wavelengths rep-
resents a sensitive test of the fitted dispersion relation. Since
the fit is partly based on QPM SHG, good agreement with
these experiments is expected. Figure 4 illustrates agreement
with the SHG data over more than an octave including the
region near the band gap. The scatter in the SHG refractive
index data around the fits, shown in Figb¥ is probably
due to a combination of errors in the determination of the
second-harmonic wavelength and variations in sample tem-
perature. We find that residual scatter around the fitted func- 4.10
tion is comparable to that expected from the experimental
uncertainties, with the Pikhtin form performing slightly bet-
ter, on average.

420

418

4.16 |-

414 |
412 45 > ([ Pikhtin-form prediction
L Sellmeier prediction

1

Fundamental Wavelength (um)

40 80 120 160
Temperature (°C)

As a further test, the fitted temperature-dependent refrac- 1308 [ © (b)
tive index expressions can be compared to the observed tem- ’g 1.306 |-
perature dependence of the SHG and DFG experiments =2 4304 L
shown in Fig. 6. Near room temperature, the observed tuning £ -
rate of the SHG phasematching wavelength atrd funda- 2 1.302 i
mental is predicted to within 5% by both the Pikhtin and % 1.300 |
Sellmeier fits. The Pikhtin fit coincides with the data, within & 1298 L
the intervals of uncertainty, while the Sellmeier fit exhibits < -
some excess offset, equivalent to a 10 °C error in tempera- g 1256 0
ture. This offset is easily compensated for in practical OP- % 1.294 -
GaAs applications. For the DFG experiment, both fits coin- i [l Pikhtin-form prediction
cide with the data within the intervals of uncertainty. The SN Sellmeier prediction
observed DFG tuning rate near room temperature is pre- 1290
dicted to within 5% by the Pikhtin fit and to within 3% by 40 80 120
the Sellmeier fit. Temperature (°C)

We also compared our predictions with experimental
data for Iongwave difference-frequency generation inFIG. 6. Comparison of predicted and measured phasematching wavelengths.

i ion- _ ; ; Closed squares are measured quasiphasematching wavelengths at different
diffusion-bonded-stacke(DBS) GaAs, described in Ref. 6. temperatures. The shaded bands give the QPM wavelengths predicted by the

The experiment_ measured a peak wavelength of 1616 _fitted Pikhtin(striped and Sellmeiefgray) functions and reflect the uncer-
generated by third-order QPM in a DBS GaAs sample withtainty in the dispersion models. Open symbols represent room temperature

252 um average plate thickness. Our dispersion relation prepredictions of Ref. 11diamond$ and of Eqs(3) (circles and(4) (triangles

: g : in Ref. 9.(a) Fundamental wavelength for second-harmonic generation in a
dicted a peak wavelength of 16:8n. The small deviation in sample with QPM period of 61.2m. (b) Pump wavelength for difference

Wavelengthican be explained by an uncertainty-df um in frequency generation with the signal wavelength fixed at 1,5686in a
the plate thickness. sample with QPM period of 26.@m.

In addition, we found that our predictions are in excel-
lent agreement with the experimental results that measured
DFG coherence lengths in bulk GaAs in the wavelength

range 8—12um reported in Ref. 27. very accurately known. The accuracy of predicted QPM
wavelengths depends on the accuracyafvalues obtained
V. DISCUSSION from the fitted expression. As an extreme example, consider

the case of frequency doublingi2n radiation. For this case,
An~0.17 with uncertainty of-3x10 4. Note that if one
The random scatter of the data is exceeded by thevere to perform independent measurementsn@f) and
+0.2% systematic uncertainty arising from the thickness den(\/2), the individual refractive indices would need to be
termination, so this latter value can be taken as the uncemeasured to at least 0.2%\n/(v2n)~0.007% accuracy to
tainty in our fitted dispersion functions. From E§), we see reproduce the QPM prediction accuracy of our measure-
that the uncertainty i leads to errors that are highly cor- ments.
related since the resulting at different wavelengths will be The uncertainty iln of +3x10™* is still a factor of 8
scaled by the same value df larger than the target accuracy 64X 10~ ° estimated from
Furthermore, Eq(6) also implies that the relative uncer- Eq. (3) for the stringent case of doubling 2m radiation.
tainty in index differenceAn is the same as the relative However, this uncertainty im\n can be compensated by
uncertainty ind, that is,+0.2%, since théN\ products are about 3 °C of temperature tuning or 1.3 nm of wavelength

A. Uncertainty of the fitted expressions
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Wavelength (pm) Della Corteet al'® have made extensive measurements
2010 54 3 2 1 of the GaAs refractive index temperature dependence at 1.5
&£ 0010 A DDA ' um. They found d/dT=2.34x10 4 K~ ! at room tempera-
c - ture, which is very close to the value of 2:330 4 K~*
2 0005 obtained from our fits. ForZh/dT? we find a value of 1.7
S 0,000 X 1007 K2 at 1.5 um. The results of Della Cortet al.
| wnply a.value of 2.4 10 7 K~2 with no estimate of uncer-
2 -0.005 tainty given.
o . i
S o010 L _ C. Discussion and comparison of our fits
PEPYRRTEN S S T NS SN [T Y T N SN S S U
0 2000 4000 6000 8000 10000 The Sellmeier expression implies an absorption spec-
Wavenumber (cm'1) trum consisting of narrow lines, which clearly is a poor de-

o scription of GaAs optical properties above the band gap en-
FIG. 7. Shown are deviations from our fitted Pikhtin form, , for Ref. et ; ;
11 (diamonds$ and for Eqs.(3) (circles and (4) (triangles of Ref. 9. Also ergy. Thef Plkh.tm gxpressmn, on the other hand, is .Closer to
shown is deviation of the fitted Sellmeier form presented fisoéd line). the physical sﬁugpon. The ".’IUthorS of Ref. 9 take I|t(_arature
Beyond the range of data from 0.97 to &Tn, extrapolation of our fits is ~ values for the critical energies,, E;, E, andE3, derive
likely to yield increasingly inaccurate values. Dotted lines show the amounexpressions foA and G5 and determine a value f@é92> by
cfchange in experimgntal refractive index values resulting from errors Otfitting to measured data. The resulting model agrees well
+1 in the assumed fringe ordét. . .
with measurements. As shown here, the fit to our data can be
significantly improved by allowing more parameters to be
tuning. The accuracy of our fit functions appears to be suffivaried. As a result, however, our fitted parameters cannot be
cient for practical applications. considered to have a quantitative physical significance be-
For first-order and second-order temperature deperf@use of the coarse approximation to the shape of the absorp-
dence, we estimate fit uncertainties fL.4% and+15%, tion spectrum implied by EG6). _
respectively. We note that because the quadratic temperature We note that when the two fitted expressions are used to
dependence is very weak, the error frofnitiT2 becomes extrapolate the refractive index towards the band gap, they
Comparab|e to the error innddT 0n|y when taken over a both deviate from the Shape of the data tabulated in Ref. 10
100°C temperature range. Furthermore, over the range d@r dispersion near the band gap. These data instead follow
temperatures measured (22—95°C), the uncertainty in th@losely the curve of Eq(3) in Ref. 9. Thus using the fits
refractive index at a given wavelength is dominated by thePresented here to extrapolate towards shorter wavelengths
0.2% uncertainty from the dispersion fit itself and not frommust be done with caution, particularly in the case of the
errors in the temperature derivatives. It is also important to>ellmeier fit, which diverges rapidly from the shape of the
note that the uncertainties im are correlated whereas the dispersion measured near the band gap. .
uncertainties in d/dT and dn/dT? are not correlated. This Given a free choice between the two fit functions, we
observation has implications for QPM where differences in recommend the Pikhtin form, E¢L2), because of its slightly
are important. Because the uncertaintied im at room tem- better overall agreement with measurements and the closer
perature are small, the uncertainties for QPM predictions a@PProximation to the material physics. However, the Sell-

moderate temperatures may be dominated by uncertaintiégeier form, Eq.(13), is more commonly used and may be
from the temperature derivatives. more convenient for use in existing software tools.

B. Comparison with previously published results D. Some implications of the results for QPM

Figure 8 shows possible phasematching conditions for a
selected set of pump wavelengths. Figure 8 also shows the
effect of changing the temperature by 100 °C. The plot illus-

2 um wavelength, and estimated additional uncertainty o rates that, _in Some cases, a sub star_ltia_l amount of tempera-
0.2%. Figure 7 shows that their work is in agreement withtU'® wning |s_p033|b|_e._ F_|gure 8 also indicates th_at for pump
our data within the respective uncertainties. wavelengths in the vicinity of @um, whe_re the tuning curve
However, Fig. 6 illustrates that the fit functions given b(_acomes nearly vertical, large ba_ndW|dths can _be optamed.
here predict QPM wavelengths at room temperature Wmﬁggre 9_Sh0W.S examples .Of predicted pgrametnc gain spec-
tra in this region. Depending on the gain flatness require-

accuracy significantly better than previous fits. Figure 6 ; . )
shows that the large deviations of predictions using previoug‘ent’ bandwidths up to about 1.5 octaves are obtained. Wide

dispersion functions are not easily compensated by temperrar?dwf'?trr]s c;m tb3e O%bia'?fd for pump wavelengths in the
ture tuning. The QPM wavelength predictions based on dis@nge from about 2.5 1o -22m.

persion functions presented in this article are much closer t

observations. The correlated scaling error that dominates oS/rI' CONCLUSIONS

measurements has a relatively small effect on predicting We have measured the refractive index of GaAs, as well
phasematching conditions compared to the uncertainties ias its temperature dependence, in the spectral region of the

other dispersion relations. crystal’s optical transparency, from 0.97 to Aih, and in the

Pikhtin and Yas’koV quoted an experimental uncertainty
of 0.003 forn. Moore and Holnt scaled their refractive
index to coincide with Eq(3) of Pikhtin and Yas’kov around
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+0.007% in the refractive index at the wavelengths in-
volved. Both fitted dispersion relations are in excellent
agreement with numerous QPM nonlinear optical experi-
ments. The agreement is superior to that given by previous
dispersion relations found in the literature. Residual predic-
tion errors can typically be compensated by snilabs than
5°C) temperature adjustments. Our results enable accurate
design of QPM structures based on GaAs, such as tempera-
ture tunable devices or optical amplifiers with extremely
wide parametric gain bandwidths.
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