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ABSTRACT The article describes the manufacture and testing of
a new type of semiconductor laser working at low temperatures
(12-100K) in the wavelength range 3200-3300 cm~!. This
kind of laser can be tuned in the modal range up to 6 cm™! and
is characterized by a narrow spectral line width (about 7 MHz).

PACS 33.20 Ea; 42.55.Px; 07.57.Hm

1 Introduction

Laser spectroscopic methods have a number of ad-
vantages for the study of the absorption spectra of gaseous
molecules in the laboratory and for in situ monitoring of
harmful gases in the atmosphere. The use of lasers has sig-
nificantly increased the detection sensitivity and selectivity in
measuring weak signals of molecules with low absorbance or
molecules at very low concentrations.

The development of new InAsSb/InAsSbP semiconductor
lasers provides a tunable source of radiation with high spec-
tral purity [1,2]. These new types of lasers comply with the
requirements for sources of radiation in high-resolution mo-
lecular spectroscopy: continuous-wave emission, high modal
power, low optical noise and high wavelength tunability [3].
The rapid tunability of these lasers is an important property
that can be used in the study of chemical reactions, monitoring
of fast processes or detection of molecular ions or short-lived
radicals [3]. The spectral width of the lasers and the relatively
high intensity of the emitted radiation form the basis for po-
tential applications in sub-Doppler spectroscopy [4—7].

The development of technology has permitted the prep-
aration of tunable lasers working in the C—H, N-H and
O-H stretch-vibration regions (3.2—3.6 um). Yakovlev and
coworkers [3] and Martinelli [8] introduced the commercial
use of III-V lasers. Because a smooth waveguide is formed
in the cavity, lower noise is expected from competing modes
in InAsSb/InAsSbP-based lasers with controlled injection
density across the cavity width. In this type of laser, the
nonequilibrium carrier concentration rises from the middle
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of the cavity towards its ends. This forms a smooth wave-
guide across the cavity in which the radiation flux oscillates
from one cavity edge to the other and back. Therefore, energy
accumulation in the form of a nonequilibrium carrier concen-
tration in the different parts of the cavity can be prevented.
Consequently, emission of this energy in the form of radiation
over a wide mixed spectrum is avoided.

In previous papers [9—-11], we demonstrated that lasers
with a smooth waveguide yield a narrow spectral line width
A f. Study of the dependence of the laser line width on the
structural properties of the laser crystal indicated that small
differences in A f in all the lasers are not caused by de-
fects in the crystals or random defects, but rather by phys-
ical processes involving interactions of the radiation with
nonequilibrium charge carriers. Because the carrier concen-
tration and the corresponding refractive index fluctuate, A f
depends primarily on these parameters. The proposed the-
oretical model [10] yields values of line width from three
to 10 times greater than those predicted by Henry [12] and
Yamada [13]. Consideration of the physical processes tak-
ing place in the tunable lasers with a smooth waveguide
of different geometric parameters suggests a heavy depen-
dence of the lasing line width on both the concentration of
nonequilibrium charge carriers Nand the volume of the active
region [10].

This article is concerned with the production and test-
ing of InAsSb/InAsSbP lasers emitting at a frequency range
3232-3238cm™!, which operate in the temperature range
15-80 K. It can be expected that this type of laser has a nar-
rower spectral line width A f than lasers described in earlier
works [9—11] and can be used as a radiation source for sub-
Doppler spectroscopy.

2 Structure of the laser diodes

The main part of the diode lasers consisted in an
InAsSb/InAsSbP double heterostructure grown by liquid-
phase epitaxy on p-InAs(100) substrates doped with Zn with
a hole concentration of 10" cm™3, as described in [14, 15].
The charge-carrier concentrations in the individual layers and
the geometric parameters of the structure were selected so as
to permit the laser operation at low temperatures whilst sim-
ultaneously keeping the carriers from being frozen out. The
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narrow-band InAsSb active layer with 0.4-eV band-gap en-
ergy at 77 Kwas 0.8 — 1.5-pm thick and a formed the first type
of heterojunction (2-pm thick) with the InAsSbP cladding
layers (the band-gap energy was 0.6 €V at 77 K). The electron
concentrations in the doped layer were 2—4 x 10'® cm 3.

The zinc-doped p-InAsSbP cladding layer combined with
the substrate had a hole concentration of about 10" cm—3. The
n-InAsSbP cladding layer was doped by Sn and had an elec-
tron concentration of 6-8 x 10'® cm™3; then the 0.5-pum-thick
InAs cap layer was doped by Sn with an electron concentra-
tion of about 10'” cm 3. The thickness of the substrate was de-
creased to 100 pm after epitaxial growth. The double-channel
mesa-strip laser chips with 16-pum strip width and 500-pum
step height were processed by photolithography. Laser diodes
with a Fabry—Perot cavity length of 230-500 pwm were formed
by cleaving. Laser chips were mounted on a special copper
heat sink [14], which permitted the diode to be installed in
aclosed-cycle He Dewar.

3 Experimental

All the lasers were produced and their spectral
characteristics were measured preliminarily in St. Peters-
burg at the temperature of liquid nitrogen. A detailed study
of all the laser diodes was carried out in Prague using
a diode-laser spectrometer described in detail in our previous
papers [14-16].

3.1 Measurement of the high-resolution spectra

The diodes were cooled using a closed-cycle He
Dewar (Laser Photonics, model L573) working in the 12 —
100-K temperature regime. The laser radiation was focused
by a toroidal mirror into a Czerny—Turner monochromator,
which was used to suppress parasite laser modes. The radi-
ation leaving the monochromator was directed either to an
absorption cell filled with the absorbing gas and/or into a ref-
erence etalon with 0.026 cm™! free spectral range. The actual
cell was fitted with KBr windows and filled with the reference
gas at an overall pressure of 3 Torr. The radiation intensity
was measured using an InSb detector cooled with liquid ni-
trogen. The electric signal from the detector was amplified
by a broad-band amplifier. The absorption spectra were meas-
ured using internal modulation of the laser at a frequency f
of about 1 kHz in the current interval 50-300 mA. The signal
was demodulated at 2 f using a lock-in amplifier and subse-
quently processed using a PC.

3.2 Measurement of the laser line width

The technique of direct measurement of the ab-
sorption signal was used for estimation of the line width
Af. The laser was demodulated at a frequency of 200 Hz
and the high-resolution spectrum of the reference gas was di-
rectly accumulated using a Le Croy 9361 digital oscilloscope
(Fig. 1a) as signal U (at least 100 accumulations, Fig. 1a).
The RC circuit with the time constant of 20 us differenti-
ates the low-frequency part of the signal and transmits its
high-frequency part Ug without distortion (Fig. 1b) [11]. The
output voltage Uy is related to the input voltage U by the
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FIGURE 1 Time dependence of functions. (a) Signal U(f) — absorption

spectrum of the reference gas and (b) signal Ug(#) after filtering of the RC
term, magnified five-fold for NH3 doublet. In the inset the RC circuit for
modification of the signal U is shown

expression:

dUu dU U

—=—"4=, (1)
dr dr T

where 7 = RC is the time constant of the RC circuit. The
lasing frequency f = fo + 1. fo continuously varies with the
current, and p corresponds to the random deviations due to
the variations in the current. The random deviations of the
frequency p are responsible for the effective width of the las-
ing line. In view of the Lorentzian shape of the line [13], A f
can be found as the doubled standard deviation of the lasing
frequency:

Af=2(u). @)

The resistor voltage Uy contains the average component U g
and the random quantity U,. When averaging the Uy, signal at
extreme points, the dU  /dt value may be considered as zero.
Since the result of averaging random quantities is always zero,
we obtain:

dfy dU
dr df

R=T 3)
The signals with frequencies below 1/77 are suppressed by
the RC circuit. Therefore, the term U, /T can be omitted from
the dU/dr signal in the presence of components with much
higher frequencies. Then, for the random components, we
obtain after integrating (4):

U
=3

Substituting (4) and (3) into (2), we obtain (5), which was used
for the calculation of A f:

4o (Uy)

(U,) () . )

To measure the line width A f, the tunable laser was ener-
gized by a direct current modulated by a saw-tooth current
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with a modulation depth of 3—-10mV and a frequency of
200 Hz.

4 Experimental results

The studied lasers could be divided into two
groups: the emitting modes are produced by tuning of the
laser current for one type of laser, while the laser wavenum-
ber does not change for the others. Up to 10 emission modes
were found in the spectra of the tunable lasers, correspond-
ing to the resonator longitudinal mode. Moreover one or
two space transverse modes may be situated near every lon-
gitudinal mode. At low current the predominance of the
long-wavelength modes over the short-wavelength modes in-
creased. The length of the resonator of the untunable lasers
(300-500 wm) was statistically greater than for the tunable
lasers (200—300 wm). The active-layer thickness of the untun-
able lasers (0.8—1.1 um) was less than for the tunable lasers
(1.0-1.5 pm).

When the input current [ exceeded slightly the thresh-
old current value Iy, (from one- to three-fold) or was more
than eight-fold higher, the emission spectrum of the tunable
laser usually consisted of a series of modes. In the case where
the current value lay between the above values (about four-
to eight-fold), a single tuning mode dominated, and gener-
ally had a shorter wavelength. The threshold value of the
tunable mode current I, increased relatively more slowly
with increasing temperature (Fig. 2a) in contrast to the tem-
perature dependence of the laser generation threshold current
Iy, (Fig. 2b). At current values near Iy, the tunable laser
mode is burned. Iy, and Iy, were estimated by application
of an external Ge etalon and the dependence of obtained
signal (fringes of the etalon) on laser current drive (Fig. 3).
The absence of fringes below I = 110 mA indicates that
there is no output signal at low currents. The largest tun-
ing interval (up to 6 cm™') was achieved at temperatures of
15-20 K. At higher temperatures, this interval became nar-
rower, especially as a consequence of the reformation of os-
cillations of the long-wavelength mode. At temperatures of
more than 70-80 K, the single-mode regime could be ob-
served only in the pulse regime, on short saw-toothed im-
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FIGURE 2 The temperature dependence of laser threshold current I, (a)
and tunable mode current Iy, (b)

pulses with a length of less than 20 ps and a delay of 50 ps.
Figure 4 depicts the absorption spectra of NH3 obtained at
a temperature of 17.5 K in the interval of current values from
110 to 350 mA. On the basis of the wavenumber of the iden-
tified absorption lines, a dependence was observed between
the wavenumber of the generated radiation and the laser cur-
rent (Fig. 5). The calibration dependence obtained approaches
linearity.

The same rotation—vibration lines of NH3; were used for
determining the laser line width. The use of preamplifiers with
variously broad bands 10-80 and 80-300 kHz) yielded ap-
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FIGURE 3 The intensity transmitted through the external Fabry—Perot res-
onator versus injection current
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FIGURE 4 The absorption spectrum of NH3 obtained at laser temperature
of 17.5K
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FIGURE 5 The dependence of laser emission wavenumber on current,
based on measurement of NH3 (Fig. 4)
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FIGURE 6 The spectral line width dependence on current obtained with
amplifiers with different bandwidths. Black circles — 300 kHz, open circles
- 80kHz
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proximately the same values of the laser line width, to within
the experimental error (Fig. 6), under identical current con-
ditions. For theoretical reasons, the measured experimental
values were fitted with a parabola with a minimum at a current
value of 270 mA and a laser line half-width of 7 MHz. This
value is 1.4 times less than the value obtained in the previ-
ous works [9-11] for a similar type of laser. The lasers tested
formerly had a lower concentration of acceptors in the sub-
strate and in the confining layer and a smaller thickness of the
active layer. The line widths were measured at higher tem-
peratures (60—70 K) only. The increase in the concentration of
holes in the limiting p-layer of the laser and the increase in
the thickness of its active area thus permitted the production
of a single mode tuning laser with narrow line width at low
temperatures.

5 Discussion

The concentration of nonequilibrium charge car-
riers N in the current-tunable lasers rises with increasing
current at current values exceeding the threshold value Ny,.
An increase in the concentration of charge carriers leads to
a decrease in the refractive index n, because dn/dN < 0, as
well as to an increase in the intrinsic frequencies of the laser
resonator. The dependence of N on a change of the laser fre-

quency A f is approximately expressed by (6):

Af ON
N=Nyp—n———.
f on

At the same time, the fluctuation of N leads to a frequency
fluctuation of the laser resonator and to an increase in line
width A f. Taking into account the fluctuation of N by laser
generation, the line width can be calculated by (7):

(6)

Af ) @)

1
_wf (8N 2| on
B Ton \%4 IN

71,/ 79 is the ratio of the charge-carrier lifetimes for small de-
viations of N from the equilibrium state in the presence and
absence of the laser radiation, and V is the volume of the
active area. The ratio 7. /7y in (7) also depends on N. For
an intermediate degree of excitation that occurs in lasers at
low temperatures, t1./t9 and dN/0dn can be calculated as fol-
lows [20]:

L I (N = No) 2N + Ny

= 3
70 INwB  Nu+ Ny
and
F;
LI5ScANVT | —
on & )

N 672 f (Ni+ No)

Ny is the inverse concentration of nonequilibrium charge car-
riers for the emission mode, F; and N; are the depths of Fermi-
level occurrences and the concentrations of nonequilibrium
charge carriers in the conduction region at the occupancy
threshold, respectively, Ny is the concentration of donors, ¢ is
the speed of light, A = 186 cm™! K=07 is a ratio defining the
edge steepness in the active region and B is a ratio approxi-
mating 1 with up to 10% variation. The dependence of A f on
N and I (10) can be derived from (7-9):

Af_ SNF, 0.5
T\ WT

1.15¢AVT Iy N — Ny 2Ny, + Ny

6nw (Nj+Ng) I NoB Np+Ng
(10)

Equations (8-10) can explain the observed dependences of
laser line width and tuning range on temperature and current.
It follows from (8) that 7, /19 = 1 at I = Iy, and decreases with
current, thus promoting the damping of the random fluctua-
tions of the density of nonequilibrium carriers and smoothing
the fluctuations of the refractive index. Equation 9 implies
a decrease in dn/dN with the donor concentration because F;
increases more slowly than Ny. As a result, the presence of
donors narrows the range of the lasing frequency modulation.

Equation 10 suggests that there are two main causes of the
decrease in A f with the lowering of temperature: one is the
decrease in N that is proportional T/ [17], and the other is
an increase in I/l in the frequency-tuning mode. The latter
statement requires special comment.

According to our results [17-19], the smooth optical
waveguide results from accumulation of nonequilibrium
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charge carriers at the ends of the resonators. Exceeding of
the current-carrier concentration above its threshold value
is temperature-independent in a first approximation. Ny, de-
creases with decreasing temperature and thus it is necessary
to use a larger ratio I/ Iy, at lower temperatures in order to at-
tain the necessary level of the carrier concentration. When the
current slightly exceeds the threshold value, the actual gener-
ated modes can be tuned, as seen in Fig. 3. The frequency is
tuned only at more than a four-fold current excess over Iy, at
atemperature of 17.5 K (Fig. 2 and 3). In addition, these con-
siderations also explain the Iy, / Iy, decrease with temperature
rise (Fig. 2).

Recording of the vibration—rotation spectrum of NHj3
(Fig. 4) led to the threshold value of four- to 13-fold excess, in
accordance with (10). The absorption lines of ammonia were
measured with a precision of 0.002cm~! and a calibration
curve of the dependence of the wavenumber on the current
was drawn up using the rotation—vibration lines (Fig. 5). The
laser line width was determined on the strongest lines of
ammonia in the current interval 210-330 mA (Fig. 6). The
experimental A f values are close to the values calculated
according to (10).

The tendency for a decrease of the A f values with current
increase (at low flow rates) is connected with a decrease in the
differential lifetime of the charge carriers 71 /7p. The tendency
for an increase of A f with increasing current (at high flow
rates) may be linked to the concentration increase of nonequi-
librium charge carriers N in the frequency-tunable lasers.
A decrease in the working temperature of the frequency-
modulated diode laser permits a narrower width of the emis-
sion line of the laser.

6 Conclusion

We manufactured and tested a new type of current-
tuned InAsSb/InAsSbP laser with the structure that prevents
freezing out of the carriers and ensures their operation at
low temperatures. Cooling of the laser structure down to
15-20 K made it possible to reduce the lasing line width to
7MHz. The lasers are tunable in the spectral region up to
6 cm~! and can serve as radiation sources for high-resolution

laser spectroscopy and for monitoring of harmful gases in the
atmosphere.
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