\ AI P i?)l::url?:t!l [I'?fhysics

Dielectric selective mirror for intracavity wavelength selection in far-infrared p-Ge
lasers
T. W. Du Bosq, R. E. Peale, E. W. Nelson, A. V. Muravjov, C. J. Fredricksen, N. Tache, and D. B. Tanner

il A/

Citation: Journal of Applied Physics 94, 5474 (2003); doi: 10.1063/1.1618934

View online: http://dx.doi.org/10.1063/1.1618934

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/94/9?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Neutron transmutation doped far-infrared p- Ge laser
J. Appl. Phys. 96, 1 (2004); 10.1063/1.1753659

Single axial-mode selection in a far-infrared p-Ge laser
Appl. Phys. Lett. 76, 1996 (2000); 10.1063/1.126233

Far-infrared laser oscillation from a very small p- Ge crystal under uniaxial stress
Appl. Phys. Lett. 74, 3432 (1999); 10.1063/1.124118

Pulse separation control for mode-locked far-infrared p-Ge lasers
Appl. Phys. Lett. 74, 167 (1999); 10.1063/1.124221

Gain of the mode locked p-Ge laser in the low field region
Appl. Phys. Lett. 72, 1140 (1998); 10.1063/1.120995

AI P “ -Lopuglri‘:é cI:fhyﬁics

Journal of Applied Physics is pleased to
announce André Anders as its new Editor-in-Chief



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1691523420/x01/AIP/JAP_HA_JAPCovAd_1640banner_07_01_2014/AIP-2161_JAP_Editor_1640x440r2.jpg/4f6b43656e314e392f6534414369774f?x
http://scitation.aip.org/search?value1=T.+W.+Du+Bosq&option1=author
http://scitation.aip.org/search?value1=R.+E.+Peale&option1=author
http://scitation.aip.org/search?value1=E.+W.+Nelson&option1=author
http://scitation.aip.org/search?value1=A.+V.+Muravjov&option1=author
http://scitation.aip.org/search?value1=C.+J.+Fredricksen&option1=author
http://scitation.aip.org/search?value1=N.+Tache&option1=author
http://scitation.aip.org/search?value1=D.+B.+Tanner&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1618934
http://scitation.aip.org/content/aip/journal/jap/94/9?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/96/1/10.1063/1.1753659?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/76/15/10.1063/1.126233?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/74/23/10.1063/1.124118?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/74/2/10.1063/1.124221?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/72/10/10.1063/1.120995?ver=pdfcov

JOURNAL OF APPLIED PHYSICS VOLUME 94, NUMBER 9 1 NOVEMBER 2003

Dielectric selective mirror for intracavity wavelength selection
in far-infrared p-Ge lasers
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A robust metal-free intracavity fixed-wavelength selector for the cryogenically cooled far-infrared
p-Ge laser is demonstrated. The device is a back mirror consisting of a thin silicon etalon and
dielectric SrTiQ flat. A laser line width of 0.2 cm' is achieved, which corresponds to an active
cavity finesse of~0.15. The wavelength position and spectral purity are maintained over a wide
range of laser operating fields. Use of Sriildwers the laser resonance line frequencies-iy

cm ! compared with expectations for metal mirrors. The effect is due to phase shift, which is
determined from far-infrared reflectivity measurements of SgTi® p-Ge laser with such selector

is free from danger of electrical breakdown and mirror oxidation during repeatable thermal cycling,
which makes it more reliable than previous selection schemes for practical applicatiorZ)030
American Institute of Physics[DOI: 10.1063/1.1618934

INTRODUCTION without mode hop$? Nevertheless, the dream of a practical
p-Ge laser with wavelength selection remains elusive after
Recent developments of semiconductor lasers in th@early two decades of research.
terahertz range of the electromagnetic spectrum include pifficulties in selector design include factors such as the
intra-valence-bang-Ge lasers, Si lasers based on optically cryogenic operating temperature, high operating voltages,
pumped donord,and quantum cascade 1as€®CLS.>" a1 the high Ge refractive index. Past problems include fixed
Their availability is stimulating development of new appli- c4yity length (allowing only discontinuous tuning between
cations in chemical sensing, THz imaging, and nondestrucey e |ongitudinal modes planar metal mirroréthat tarnish,
tive testing. Most such applications require spectral purityg. ascp require dielectric isolation, and cause high alignment
and stability of the Iase_r line. The Ge 'asef differs from Si sensitivity), intracavity interfacesintroducing unwanted in-
lasers and QCL by having a very broad gain bandwitith— ;¢ resonances, parasitic scattering, and reflectidis
4.2 TH2. While this permits wide tunability, it prevents gen- and moving partsthat stick when cooled Additionally, at

eration of a spectrally pure line without operating in cyclo- . . . .
. cryogenic temperatures, piezocontrol gives only small dis-

tron resonance mofleor the use of special means of . . .
placements, even at high control voltages, resulting in a lim-

electrodynamic mode selectién® : . 1
The p-Ge laser emission spectrum can be 20—-30cm ited tuning rangé! Clearly, new selector concepts are re-

wide. For a typical laser cavity of several centimeters IengthgUIred for_ thep—_Ge laser. _ .
such a spectrum contains hundreds of longitudinal modes. " this article, a wavelength selective back mirror
Cyclotron resonance operation or external spectral selectiofprmed completely of dielectric components is considered.
both substantially reduce output power. In contrasp-Ge This design is a modification of the well-known method of
laser with practical intracavity means of wavelength seleclaser wavelength selection using intracavity etaftnS. It
tion would maintain peak output power at the level of watts,consists of a combination of Si etalon and SrJi@t™® (Fig.
which certain applications may require. 1). Selection with etalons is generally advantageous in prac-
Selective cavities have been demonstratedith active  tical applications that require stable, repeatable, laser line
cavity finesse exceeding unity, resulting in single longitudi-frequencies, such as sensing of specific chemical com-
nal mode emissiol The selector can be tunéd situ with ~ pounds. Advantages of the present designpi@e lasers is
piezoelectric control, allowing fine tuning between nearbythe absence of any metallic components, eliminating the re-
longitudinal modes! Recently, a variable-length cavity was quirement of insulating films or spacers between the electri-
demonstrated, which in principle allows continuous tuningcally excited active crystal and other cavity elements. This
feature minimizes the number of required intracavity inter-
2 S . faces, eliminating all unwanted intrinsic resonances. Nonme-
Electronic mail: rep@physics.ucf.edu . . . .
POn leave from Institute for Physics of Microstructures, RAS, Nizhny tallic mirrors are also more stable against scratching and tar-
Novgorod, Russia. nishing. This dielectric design permits use of very thin
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SrTiO; Fourier spectrometer with quartz beamsplitter and InSb de-
tector. The stated uncertainty in wafer thickness is due pri-
marily to experimental uncertainty in the average fringe
spacing, which defines the etalon fundamental ajur
wavelength and 300 K. The fractional change in wafer thick-
ness is estimated to be orly10™° on cooling b 4 K and
can be ignored.

To determine the etalon fundamenta near 100um
wavelength ad 4 K temperature, the relation

vo=(ng/ng) vq (]

was used, where the prime refers tt and 300-K values.

The indexng; of silicon at 100um wavelengths and 4 K

temperatur® is 3.384+0.002. The etalon fundamental val-
ues found from Eq(1) are listed in Table | along with the
etalon thickness values.

The laser crystal was cut fromp-type germanium pur-
chased from TydexSt. Petersburg, Russialhe rectangular
SrTiO; rod had dimensions 45.7 m#7 mmx5 mm. The axial di-
rection was parallel t§110]. The longer transverse direction
was parallel td110] and the shortest was parallel [{@01].

End faces were polished flat and parallel within 30 arc-sec.
etalons, operating on loWl,2,3 resonance orders, without Indium ohmic contacts were applied to opposite lateral faces
danger of electrical breakdown. with an ultrasonic soldering iron so that electric-field pulses

Wavelength selection ip-Ge lasers using an intracavity could be applied in th¢110] orientation with a thyratron
etalon has been reported previod$lalthough this cavity Ppulser. The laser cavity was constructed by sandwiching the
was complicated by multiple intracavity interfaces andactive crystal and thin silicon spacer between two polished
curved mirror surfaces. The reported emission line width wa$rTiO; mirrors (Fig. 1). The aperture of one of the mirrors
~1 cm ! with additional parasitic resonances separated fromyvas smaller than the active crystal end face for output cou-
the main line by~1.1 cm * on top of a broad background. In Pling. The resulting longitudinal mode spacing for the entire
contrast, the present work achieves an emission line width dfavity is about 0.028 ciit. A magnetic field was applied

0.2 cm  with no background or additional features. using a superconducting solenoid attached to a light pipe
insert for liquid-helium storage dewars. The laser was oper-

ated at repetition rates of 1-8 Hz and with pulse duration 1
HUS.

Thin, two-side-polished, silicon wafers were obtained  Spectroscopy of laser emission was performed on a
from Valley Design. Wafers were specified flat and parallelBomem DA8 vacuum-bench Fourier spectrometer using an
within 4 arc-secs, which exceeds the usual 30-arc-sec revent-locking® accessory(Zaubertek at resolutions up to
quirements fop-Ge laser plane-mirror-cavity constructions. 0.04 cm *. Frequency accuracy has been verified by compar-
Room-temperature measurement of interference fringes img argon laser lines measured with the accessory and by the
the range 4900 to 5100 crh gave values for thickness of Bomem standard meth8A Mylar™ pellicle beamsplitter
95.9+ 1.2 (etalon A and 113.6:0.7 um (etalon B. These and a 4-K silicon composite bolometénfrared Lab$ were
values depend on the room-temperature silicon refractive inused. Peak far-infrared power and beam divergence at the
dex at 2um wavelength, for which the value 3.458.002  output of the light pipe were estimated to be 1 W and 26°,
was used?® Near-IR etalon spectra were obtained using arespectively, using a room temperature golay 6@MC In-

FIG. 1. Construction op-Ge laser intracavity etalon wavelength selector.

EXPERIMENTAL DETAILS

TABLE |. Experimental and theoretical parameters related to intracavity silicon etalons. The discrepancy is the
fractional difference between the predicted resonance and the nearest observed laser line.

Etalon A Etalon B
Etalon thicknessl (um) 95.9+1.2 113.6-0.7
Etalon fundamental, (cm™?) 14.17£0.17 12.74-0.08
vg—vg (MY 14.2+0.3 11.3-0.5
Resonance orden 8 9 8 9
Phase shiffrad) 0.43 0.51 0.38 0.42
Predicted linev,, (cm™ %) 112.4-1.4 126.4-1.5 101.%-0.6 113.8-0.7
Observed lingem™?) 109.1+0.1 123.3-0.3 94.8+0.5 106.1-0.5

Percent discrepanafo) 3 25 6 7
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FIG. 2. Emission spectra of far-infrarqeiGe laser with 95.9um silicon  F|G, 4, Expanded spectrum 1a with 95:n silicon intracavity etalon at 0.1
intracavity etalon. Spectra 1a and 2c were collected at 0.1 easolution. cm™? resolution. The laser line has a full width at half-maximum of 0.2
The other spectra were collected at 0.5 ¢mesolution. Arrows indicate  gm-L.

predicted positions of selector resonances.

struments The laser was strongly attenuated at the specRESULTS
trometer input using a partial beam block to avoid saturating

the bolometer, 0.1 or 0.5 cm? using etalon A for different applied fields

The reflectance of SrTipwas measured over the range ;-
0 to 5000 cm* using a Bruker 113v. Fourier spectrometer in .(F'g' 3. Except for spectrum 1D, the spectra are character

conjunction with an Infrared Laboratories 4.2-K Si bolom- !zed by a single line at 109.1 crh _The pos't'on of this line
. : is not affected by the thermal cycling and cavity reassembly.
eter. The sample was located in vacuum, at the tip of a Han-

: - n spectrum 1b, however, the line shifts slightly to higher
son continuous-flow cryostat, providing temperatures befre uency. and additional lines aopear at 116.3. 120.8. and
tween 20 and 300 K. The phase shift on reflection wa g Y, bp ! Y

. . : . 91233 cm L. Figure 4 is an expanded version of spectrum la
estimated using Kramers—Kronig analysis. The reflectanc ! . : ~
1 1 ) 0 show that the full width at half-maximum is 0.2 ch
was extrapolated as ! from 5000 to 16 cm™! and asv

. . Figure 5 presents a laser emission spectrum taken with
at higher frequencies. It was extended to zero frequency us- :
) L ; . etalon B. Two lines are observed at 94.8 and 106.1cm
ing the parameters of a fit using multiple Lorentz oscillators._. .

. . : Figure 5 is an average of two spectra taken at 1 treso-

The real and imaginary parts of the complex index of refrac; ~ ; ;
. . . lution. Increased noise for the Fig. 5 spectrioompared
tion (ng; and kg, respectively were determined from the

reflectance and phase shift by inverting the Fresnel reIationéNIth Fig. 2 limited practical resolution to 1 ciit. The ex-

. ; .. . planation is shot-to-shot spectral instability in the two-line
In the laser experiments, the far-infrared beam is inci-eration mode. which is missing in the sinale-line mode
dent on the SrTi@ from crystalline silicon(Fig. 1). In this P ' 9 9

case, the phase shift is determined from the real index o(fFlgl':iZ)'ureS 6 and 7 show respective plots of the reflectance
silicon ng; at 100 um wavelength ath 4 K temperature, and g b P

from the real and imaginary parts of the Sriddex ac- of dSrT|03 Iand the phase sk}n‘t, for (ljnmdencehfror? vacuum
cording to and sample temperatures of 20 and 50 K. The plot range is

limited to the tuning range for Ga-doped Ge laser crystals.
tang=2xkgNgi/ (N2+ k24— N35). (2)  Long and short period oscillations are artifacts that cause the
reflectance to exceed unity at frequencies near 100'cm
he maximum value of reflectance in the data file is 1.0060.
Errors are 1%a 20 value) in random noise and about 1% in

Figure 2 presents laser emission spectra at resolution of

The effect of incidence from silicon is to increase the phas
shift by roughly a factong; over the value found for vacuum

incidence. systematic error. The Kramers—Kronig routine clips the data
to 1.0 when it exceeds this value to stay in the physical
26
2.4
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FIG. 3. Laser generation zones for different spectroscopic experiments. Wavenumber [cm']

Symbols indicaté= andB values for spectra presented in Fig. 2. In between

the measurements corresponding to the two threshold curves, the laser waEs. 5. Emission spectrum with 113&m silicon intracavity etalon at 1
warmed to room temperature and the cavity was completely reassembledcm™? resolution. Arrows indicate predicted positions of etalon resonances.
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FIG. 6. Reflectance of SrTiQin the tuning range of the Ga-dopedGe
laser. FIG. 8. Real part of the SrTiQindex of refraction.

regime. This procedure keeps the phase shift in the righbackground are absettThe emission line consists of about
quadrant and the real part of the index positive. Phase uncegeven longitudinal modes, giving an active cavity finesse of

tainty is estimated to be about 10%. ~0.15. _ _

Figures 8 and 9 are respective plotsmyf; and « for Table | gives expected resonance values, which are cal-
SrTiO, at temperatures of 50 and 20 K. Values for the phas&ulated according to
determined from these data using E2). for incidence from V= vo(M— pl2m), 3)

Si are given at each observed laser wavelength in Table I. _ _ _ _ _
wherem s an integerg is the phase shift on reflection from

SrTiO; (Table ), andyy is the etalon fundamental at 1Q6n
DISCUSSION wavelength ad 4 K temperaturéTable ). A positive phase
Figure 3 reveals the degree to which the laser generatioﬁhift is equivalent to reflection from a layer be|.0V\.l the SrJiO

zone ofE andB fields applied to the active crystal may vary surface. Therefore, the eﬁgct of the phase shift is to decrease
as a result of thermal cycling and reconstruction of the cavihe laser line frequency. Given tiand v, values in Table

ity. The zone can also depend on the magnetic-field polarity: this shift is about 1 cm. N

and on uncontrollable factors related to assembly of the laser _1N€ expected laser line positiong and v (Table ) are
cavity, including changes in mirror position, cleaning of op-ndicated in Figs. 2 and 5 by arrows. Table | gives the per-
tical surfaces, quality of the contacts, quality of the germa<€nt discrepancy between predicted and observed line posi-
nium, and placement within the solenoid. A reliable wave-tions. The discrepancy is about twice the estimated uncer-
length selector, therefore, should be designed to b&INties. One might consider a possible air gap between

independentas far as possibjef the applied fields. A posi- active crystal and etalon, or between etalon and SyTiark
tive result of this work is that a single narrow emission line Mirror, as increasing the effective thickness of the etalon and

can be produced at a stable wavelength over a wide range tpus lowering actual laser line positions relative to predicted
fields. Indeed, it was difficult to find fields within the gen- Values. However, the numbe2 or lesg and symmetry(cir-

eration zone where the laser operated exclusively on a dif¢ulan of Newton's rings seen through the SrEi@irror dur-
ferent spacer resonance. ing cavity assembly, the etalon flatness specification, typical

A laser line width of~0.2 cni * was found from spectra laser-rod end flatness, and tke30-arc-sec allowable anti-

taken at 0.1 cm’ resolution, as shown in Fig. 4. Absence of parallelness for lasing, all limit the likely air gap to less than
structure within the line profile was confirmed by a spectrum® #M- The possibility of such a gap effectively doubles the
taken at 0.04 ¢ resolution. The achieved line width is five PErcent uncertainty in predicted laser line position, which

times narrower than previously reported using intracavityvould be just enough to explain the discrepancy for etalon A.
etalon selection for @-Ge laser, and side lobes or broad Although ability to predict the position of-Ge laser lines

0.20 30
25/ SrTiO3
0.154 SrTiO3 20
3
= 0.10- L % 15
© 2 104
x 0.05 ——20K| | ——20K
——50K 51 50K
0.00 , ‘ . . . : 0 : : . ‘ : ,
70 80 90 100 110 120 130 140 70 80 90 100 110 120 130 140
Wavenumber (cm™') Wavenumbers (cm'1)

FIG. 7. Phase shift on reflection from SrEi@ith incidence from vacuum. FIG. 9. Imaginary part of the SrTiQindex of refraction.
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using a silicon etalon selector is apparently not yet bettecavity finesse of 0.15. Phase shift from reflection on the
than several percent, results presented here suggest that m&a¥iO; back mirror, which was used in conjunction with the
sured values will be at least repeatable to within about 0.Etalon, lowers-Ge laser line positions by only about 1 ¢
cm ! for different cavity assemblies using the same etalon.(relative to positions obtained using a metal back mjrror

Note that in Fig. 5, the arrow forg falls about midway However, for the larger fundamentals of thinner etalons, the
between the observed lines. Hence, the observed lines coudthift in wave numbers caused by phase shift would be pro-
have been attributed to the seventh and eighth etalon respertionally larger. Ap-Ge laser equipped with an etalon se-
nances with equivalent discrepancies. Despite this uncetector easily can be prepared to operate in regions of rela-
tainty in assignment, the separation between observed lineSyely high atmospheric transmission for applications in
also given in Table I, is the nearly the saifier both Fig. 5 chemical sensing, THz imaging, and nondestructive testing.
and Fig. 2 datawithin estimated uncertainty as the etalon
fundamental, and confirms its role in the selection. ACKNOWLEDGMENTS
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