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Abstract. Novel InAsSb diode lasers have been operatedof room-temperature 111-V semiconductor lasers that oper-
in an extended-cavity grating-tuned configuration. These deate in the near-infrared (NIR) or visible region of the spec-
vices operate near liquid-nitrogen temperature and emit lasénum [4, 5]. Recently, broad tunability of optically pumped
lightin the spectral region near= 3 um. We have developed MIR IlI-V lasers has been demonstrated in an ECGT con-
a LN cryostat that permits placement of both the collima-figuration [6], although research and development on IlI-V
tion optics and the extended-cavity elements within a vacuurmjection lasers are still in their early stages. These devices
chamber. We have observed tuning of the laser frequency ovase a simple structure for electron and photon confinement
al1l.44 THz (48 cnTl) range by rotation of the external grat- and often show multi-mode emission. Moreover, operation of
ing. This result was obtained without anti-reflection coatinghese devices is seriously complicated by the facts that they

of the laser output facet. require a vacuum environment and that the beam is not visu-
ally discernible, even with the aid of a display card.
PACS: 42.55.Px; 07.57.Hm Few experiments on external-cavity MIR diode lasers

have been carried out to date [7, 8]. Nevertheless, experiments
at the University of Bonn, Germany, have led to a frequency-
The mid-infrared (MIR) spectral region nedpm is very sta_bilized lead-salt laser with200 kHzlinewidth and appli—_
attractive for various spectroscopic applications, such as ef§ation to sub-Doppler molecular spectroscopy [9]. A major
vironmental monitoring and industrial process control, sincélrawback of this system, however, is the restricted continuous
many important molecules have strong vibrational absorptiofNing range. The successful experiments in Bonn have mo-
bands around this wavelength. ReceritiyAsSbdiode lasers tivated us to work on further improvements for mid-infrared
have been developed and investigated for their suitability fofiode lasers. _
trace gas monitoring [1, 2]. These novel 1ll-V semiconductor !N this paper we present our results on external grating
lasers provide radiation in the spectral region rgyam. This ~ tuning that have been achieved with tiig>-cooledinAsSb

region can also be covered by IV-VI compound (lead Sa|t(injection lasers described in [10]. We a_dditionally describe
lasers. However, Ill-V diodes promise higher single-mod he features of our ECGT system, which is based on an evacu-

output power. CW single-mode optical power upidmw ated cryostat chamber that houses the laser and the optics for

has been demonstrated for Evf\sShinjection laser at tem- the extended cavity.
peratures betwee0 K and110 K[3].

Among various approaches to tunable MIR laser sources _
(such as nonlinear conversion devices or sideband molect;- EXperimental setup

lar gas lasers) that are currently being investigated by re- .
searchers, semiconductor lasers are advantageous becausé¥t asers used were double heterostructure (DH) diodes

their compactness and efficiency. In order to improve theifrown by liquid-phase epitaxy (LPE). They were designed
tunability and spectral linewidth, it is desirable to operatef© OPerate in the temperature rargf@-120 K with a wave-
the laser in an external cavity. One possible solution is théNgth neaB.4um, or a frequency of approximateB0 THz
extended-cavity grating-tuned (ECGT) configuration. It had3000 cn7). Quasi-single-mode operation was achievable at

been widely used for line narrowing and frequency tuningce'rtain combinations _of temperature and_ current. The .Iaser
chips were mounted in a standard housing for MIR diode

-+ Author o whom correspondence should be addressed lasers, which allowed access to only one of the two out-
Present addressinstitut fur Angewandte Physik der Universitat Bonn, put bea”_‘S- In the present investigation, two diode lasers
Wegelerstr. 8, D-53115 Bonn, Germany were available. Threshold currents for these lasers were near
(Fax: +49-228733 474, E-mail: muertz@uni-bonn.de) 50 mA (laser 1) an@5 mA (laser 2).
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Fig. 1. Top view of the cryostat for the mid-infrared ECGT diode laser (schematically). The liquid-nitrogen reservoir is located in the upper part of the
drawing. The diode laser sits in about the center of the vacuum chamber on a cold mounting platform. The collimation optics and external cagity element
are located within the chamber and can be controlled from outside

Our diode-laser system was designed for ECGT operader (outer diameteB2 cm height12 cn) covered by & cm
tion; the cavity was formed by one facet of the diode andhick glass lid. A cold foot made of oxygen-free, high-
an external reflecting diffraction grating as the tunable waveeonductivity (OFHC) copper was attached to the OFHC cop-
length filter. Figure 1 shows a schematic diagram of the vagper portion of the liquid-nitrogen Dewar tail. One end of an
uum chamber that housed the laser and the external cavigssembly consisting of several thin OFHC copper strips was
elements. The chamber consisted of a stainless steel cylinkamped to the cold foot; the other end was clamped to the
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OFHC copper baffTDL-mounting platform (bafplatform).  ment procedure for use with the chamber [12]. The laser chip,
The bayplatform was supported by a temperature-isolatindens, and the grating were aligned in a multi-step procedure
post on the support frame, and the mounting platform hathat used a reHleNelaser to serve as the pilot laser. The most

a servo-controlled heater for temperature control. The holderitical alignment parameter was the distance between the as-
ing time for the 1.5 liter liquid-nitrogen reservoir was aboutpheric lens and the laser chip. This distance had to be adjusted

six hours, and the temperature achieved (depending on ttse that the beam waist at the diode laser facet was transformed
into a nearly collimated beam incident on the grating.

number o’f heat-conducting strips) was generally in8a&
Since this could not be done with the use of the pilot

range.

Collimation of the diode laser beam was achieved bylaser, we simplified the alignment procedure in a first step
means of an f1, 25.4 mmfocal-length lens which had com- the gratingBS setup was replaced by a partly transmitting
pensation for spherical aberration. The lens was made @éflector (nominal reflectan@9%) placed outside the cham-
ZnSeand was anti-reflection (AR)-coated 84 um. It was  ber at normal incidence to the infrared beam. The distance
supported by a high-precision, 3D translation stage that couldetween the reflector and laser facet was al@&utm The
be controlled by two-section rods consisting of a flexible rodoptimal lens position was then found by monitoring the effect
to the stage and a solid rod fed through an o-ring seal tof the optical feedback on the laser threshold current. For this

outside the chamber. The collimation optics were the mogpurpose, a triangular current modulation was applied to the
critical component of the external cavity. The coupling ef-diode laser and the output beam was directed timAs pho-

ficiency between the laser and the external cavity not onlyodiode. By that means, optical power vs. laser current could
depended on the attenuation of the collimator but also on thige displayed on an oscilloscope for a P-1 plot. At optimum

wavefront distortion: a peak-to-peak wavefront distortion ofalignment, the feedback resulted in a significant decrease in
/4 results in approximate® dB of reduction in coupling ef-  threshold current as the photon loss of the external-cavity
ficiency [11]. In the early stages of the experiment, we testethser became less than that for the solitary laser. It was deter-
an off-axis parabola as well as some common lenses for collmined experimentally that the range of significant feedback
mation; however, none of these permitted sufficient couplindor the lens position was abo8tx 10~* times the lens focal
efficiency and we achieved only very low feedback levels. length. Once the initial effect was found, the reflector orien-

A ZnSebeam splitter (BS) designed fo¥&° angle of in-  tation and the two 3D mount controls orthogonal to the focus
cidence was used for coupling a portion of the laser output taontrol were able to be used to maximize the feedback. Fig-
the external grating. The BS was coated on one sidé@®  ure 2 shows the resulting P-I plot with and without feedback.
p-wave reflectance and AR-coated on the other side. The grafhe threshold current has been decreased by &iBtit
ing was a450 line/mm echelette, with a nominal reflectance  In the next stage of the experiment, we returned to the op-
of 98% in the Littrow configuration. The distance between theerational setup where the in-chamber diffraction grating was
laser chip and the grating was abd2tcm Grating angle and being used as the external reflector. Once again, we observed
tilt were also able to be controlled from outside the chambea significant decrease in the threshold current as we tuned the

by means of feed-throughs. Additionally, the grating couldgrating angle such that it matched the diode laser frequency.
be scanned through one free spectral range (FSR) by meaHsre the decrease in threshold was alid lower than the

of a PZT @ um extension) between the micrometer and the

grating-mount contact point. The cryostat was originally de-
signed and developed for operation of lead-salt diode lasers in : : : _
the ECGT configuration; further details of the cryostat-based

system may be found elsewhere [12. | T/ o eedoack

Optimal external-cavity performance requires a minimum
residual reflectance of the laser output facet and a maximum 15 !
coupling of the return beam from the grating back to the diode !
cavity. This means that the diode facet had to be AR coate !
However, coating procedures for the MIR wavelength regior— !
above2.5um are more sophisticated than that for the visi- ® !
ble or NIR because of coating material limitations. A further & 10 !
major difficulty came from the requirement that the coating® !
had to withstand temperature cycling [12]. Our attempt tog !

put an AR coating on laser 1 failed. Hence the following ex-.© !
periments have been performed with laser 2 (with the Iower'D !
threshold current), which was not AR-coated. 5} !
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2 Experimental results
16 21.6 27

An important condition for external-cavity operation is a cor- 34
rect alignment of laser and external optical elements. This
alignment was very laborious to achieve in our experiments,

since the infrared beam was not visible and the external cav-
ity elements were not easily accessible when the chamber wag, 2 power vs. current plots of diode laser 2 withosolid line) and with

evacuated. During our earlier efforts, we developed an align@ashed ling optical feedback from an extern@0% reflector

Laser Current [mA]
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80% reflection, which was due to lower reflectance of the
grating/BS combination (as, from the nomin@8% grating 9174
reflectance and twice the0% at45° from the BS, we can (3060)
calculate a maximum reflectivity of less th&f%o). In con-
trast, the feedback in these circumstances was more stable,
since in the latter configuration the grating was sitting on thew
same base as the laser (not so for the case of the reflector ou§-
side the chamber). In addition there was reduced coupling o&
acoustic waves into the vacuum chamber. For a demonstras | @ | LA_A_A_,
tion of the stability, the cavity parameters were adjusted suctg
that a kink appeared in the P-I plot (see Fig. 3). This is in-g
terpreted as mode jump between two external-cavity modesé.
The feedback conditions were sufficiently stable to observe2
and record the curve, with the kink in the same position for £
over one minute.
An important question in this investigation was whether or ® 90.69
not the diode laser could be tuned with the external gratingg (3025)
To analyze the spectral mode behavior, the diode laser beal
was put through a monochromator wihGHz (0.1 cnmt) S
resolution. Figure 4 shows three different recordings of emis=
sion spectra with the diode laser current near 1.6 times the
threshold current. The laser current and temperature were
fixed at the same value for all scans. The upper scan (a)

mator t

was taken from the free-running diode laser without any © L

external feedback. This spectrum shows a dominant mode

near91.74 THz (3060 cnT?) and several other longitudinal 0273 89,64
modes with power considerably less thH®o of the dom- (3090) (2990)
inant mode. The middle and bottom scans (b and c) are two <— Frequency, THz (cm™)

examples of spectra of the laser W|th_ optical feedback frCm#ig.4a—c. Lasing spectra from the ECGT laser takamithout feedback,
the grating. The spectra show a dominant ECGT laser modgdb, ¢ with feedback from grating at different angles. Laser temperature
and the solitary laser mode that is partially suppressed. and current were fixed at the same value for all spectra

The wavelength of the dominant grating-tuned laser mode
depends, as expected, on the grating angle (Fig. 5). By tun-
ing the grating angle, we could bring the ECGT diode to
lase at every frequency that matched the longitudinal-mode
frequencies of the solitary diode. In each such case, the soli-

' ' ' ' tary laser mode was partially suppressed. The largest tuning
achieved by rotating the grating was abbut4 THz shifting
151 -
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Fig.5. Wavelength of dominant ECGT laser mode vs. position of the
Fig. 3. Power vs. current plot of diode laser 2 in the ECGT configuration. grating-tuning micrometer. Square symbols represent some (not all) grating-

The kink in the curve is interpreted as a mode jump between two externakuned laser modes. The micrometer tuning range corresponds to a grating
cavity modes angle range of abouit.2° centered nea47.7°
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3025cnT! to 3073 chl). This frequency tuning clearly chance to test the capability of these novel diode ldsétte also thank

showed that the external cavity was the dominant cavit)/.?-
Since the diode facet was not AR-coated, the influence of
the diode cavity was still visible; it acted as an etalon inside
the external cavity and did not allow oscillation when there
was destructive interference between the internal and external

Fox of our group for helpful discussions regarding feedback optics. M.M.
cknowledges support from the Deutsche Forschungsgemeinschaft.

cavities; thus, for an uncoated laser, the frequency could n@eferences

be grating-tuned without mode hops.

Our initial attempts to AR-coat two of these lasers were
not successful; however, more recent tests by us with a re-""
coated device (laser 1) show good results, as indicated byz2.
a large increase in the feedback sensitivity. The original coat-
ing was removed and a new single/4) layer of SiO (n~ 3
1.9) was deposited on tHaAsSblaser(n ~ 3.5). The coating 4
has survived more than 10 temperature cycles to date.

3 Conclusion

In conclusion, we can report that we have developed a cryo-
stat for operation of-N,-cooled mid-infrared diode lasers, 8
and this cryostat contains the essential optics for external-
cavity grating-tuned operation of an uncoatedsSb laser
near3.4 um. We succeeded in tuning the dominant mode of 10.
the diode laser by about44 THz (48 cnmt) through rota-

tion of the in-chamber diffraction grating. In order to achieve 11-
reliable single-mode operation and to obtain grating-tuning, ,,
without mode hops, AR coating of the laser facet was found
to be essential. We also used the same setup to investigate the
operation of the lead-salt diode lasers 8qrm in an ECGT
configuration. For comparison, it is worth noting that in this
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case we had some success with our coating efforts (residual———

reflectance on the order &%), but grating control seems just *For the purpose of clarifying the experimental conditions in our report,
beyond our reach at the moment. We speculate that higher ie acknowledge that the diode laser manufacturer is the Infrared Opto-

: ctronic Laboratory, IOFFE Physico-Technical Institute, Politekhnich-
ternal phOton losses or a more complex Spatlal mode StrUCtuEEkaya 26, 194021 St. Petersburg, Russia, although the mention of the name

complicate the operation in an ECGT configuration in thissf a manufacturing entity does not constitute a NIST endorsement of their
case. products.



