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Abstract: A laser diode’s junction voltage is a sensitive measure of its temperature and can
be used in a thermal control feedback loop. To compensate for the temperature dependence of
the laser’s internal resistance, we have measured the dynamic resistance, dV/dl, by
modulating the injection current and measuring the demodulated voltage. The junction
voltage was thus controlled while operating at fixed DC injection current. Over an external
temperature range of 15°C to 35°C, this stabilised the centre frequency (wavelength) of a
1651 nm DFB laser diode with a residual mean frequency shift of 60 MHz (0.5pm), less than
the uncertainty on the centre frequency of 80 MHz (0.7 pm). Under the same conditions,
conventional thermistor control gave a systematic wavelength shift of —8.4 GHz (=76 pm),
and control of the uncompensated forward voltage gave a shift of 9.9 GHz (90 pm).
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1. Introduction

The frequency stability of laser diodes is important for applications such as gas spectroscopy
and telecommunications, which have stringent requirements for both short term and long term
operation. Telecommunications using dense wavelength division multiplexing (DWDM)
restricts lasers to operation within the International Telecommunication Union (ITU) grid [1],
operating in the region 1530-1625 nm with a channel spacing ranging from 12.5 GHz to 100
GHz on the frequency (v) scale, centred with a frequency precision of Av ==+ 1.5GHz (AL ==
12pm) [2]. High resolution tunable diode laser spectroscopy (TDLS) involves scanning the
laser’s emission wavelength across a narrow gas absorption line in order to determine the gas
concentration [3]. The wavelength drift of the laser is required to be much smaller than the
line width of a gas absorption line, which for methane at a wavelength of A = 1651nm (the
example used later in this paper) is Av = 4.4 GHz (AL =40pm) FWHM [4].

Typically for both applications in the near infrared, singlemode laser diodes such as
distributed feedback (DFB) lasers are used, with a linewidth of around Av = 10 MHz or lower
[5]. Although lasers are nominally produced at a given frequency to a tolerance of perhaps Av
=12.5 GHz (AX = 0.1 nm) [5], the precise emission frequency is a function of the injection
current and device temperature. The operating temperature is affected by a combination of the
ambient temperature external to the device package, junction heating effects and thermal
gradients within the package. This makes thermal design an important element of laser
packaging [6]. If the injection current is fixed and the temperature of the laser’s active region
can be precisely and accurately controlled, the emitted wavelength should remain constant.

Conventionally a thermo electric cooler (TEC) is used to maintain the operating
temperature of the laser diode. Typically most DFB lasers include the TEC within the
package, with a thermistor placed in thermal contact with the TEC, a short distance from the
active laser chip. The temperature precision that can be achieved by this technique is 0.01 °C
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[7]. However, the method is not ideal as it measures the temperature of the thermistor rather
than the active region of the laser. There are multiple conductive pathways with additional
convective and radiant paths between these and other components in the case, with
temperature gradients between the thermistor and the active laser region. Figure 1 illustrates a
simplified condition whereby a single overall gradient dominates. A change in the external
ambient temperature will cause a change to the thermal gradient(s), resulting in a systematic
error in the emission wavelength [7]. The systematic error can be reduced by careful
positioning of the thermistor, shortening the thermal pathways to the laser. The thermistor is
often mounted on top of the TEC and the laser on a separate adjacent mount.

° temperature X I
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ambient thermistor laser

temperature set point diode
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Fig. 1. Simplified illustration of thermal gradients for conventional control using a thermistor.
The underlying picture is a combination of multiple conductive pathways plus convective and
radiant paths. For a fixed set point temperature, changes to the ambient temperature and / or
thermal gradients will cause the control system to alter the laser temperature.

Because of the limitations of using thermistor based control only, a number of additional
techniques have been implemented to stabilise the laser diode emission frequency with both
high precision and accuracy. Athermalised etalons have been used to achieve sub GHz
frequency stability over an external temperature range of 80°C [8]. For TDLS, frequency
stability may be achieved by using a reference cell containing the target gas, to lock the laser
emission wavelength to the absorption line [9], or by reference to a neighbouring line of a
different gas, whose presence can be guaranteed [10]. Gas reference cells are also often
adopted as wavelength / frequency transfer standards in telecoms applications [11].

A potential alternative is to use the electrical properties of the laser diode, such as its
forward voltage V', (measured across the terminals), which provides a sensitive indicator of
the junction temperature. This technique has been widely used in diode (rather than laser
diode) based thermometers to measure temperature in the range 1-400 K with a precision of 1
mK [12-14]. Measurement of the junction temperature of quantum-dot and GaN based laser
diodes has also been reported [15,16].

Uehara and Katakura proposed use of this forward voltage to stabilise the temperature and
wavelength of a laser diode, and applied this to a 1.3pum buried heterostructure distributed
feedback (BH DFB) laser [17]. They were able to achieve a stability of Av =350 MHz (AL =
2 pm) over 30 minutes at a fixed temperature, and a systematic shift of Av =500 MHz (A\ =
3 pm) when subject to an external change in the ambient temperature of 10 °C. Lin ef al. have
applied forward voltage based control to a multimode Fabry Perot laser diode [18]. They
proposed, as expected, that the injection current affects the junction temperature and that
changes to this parameter must be compensated for when using the forward voltage. They
also proposed that this might be achieved via measurement of the injection current together
with use of an experimentally determined calibration factor (the change in junction voltage
with temperature) that itself varies with injection current. The forward voltage has been used
for temperature measurement of an LED by Xi ef al. [19], who used it to characterise devices
(and also demonstrated a thermally-induced shift in the peak emission wavelength) but did
not use the method for thermal / wavelength control. The forward voltage has also been used
by Sergachev ef al. in a fast (300kHz bandwidth) control loop aimed at reducing frequency
noise in quantum cascade lasers [20].
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In this paper we describe a new frequency stabilisation technique, whereby the junction
voltage V; of a laser diode is used to measure the temperature of the active medium. The
series resistance of the laser diode can impose a small but significant error when measuring
the forward voltage ¥, and must be compensated to recover the underlying junction voltage
[21]. Because the series resistance changes with temperature, we have found that real-time
simultaneous measurement of this quantity is required for precise control. Applying a
sinusoidal modulation to the injection current and measuring the demodulated forward
voltage allows us tomeasure this resistance dynamically as dV/dl and compensate for it. Thus,
the junction voltage alone is measured, the accuracy of the measurement is improved
significantly and the emission frequency is stabilised.

Modulation of the injection current also has the effect of modulating the emission
frequency. Thus it is the centre frequency that is stabilised. In this paper, we chose a
relatively large modulation (approx 4.4GHz or 40pm) which is much larger than the
uncertainty on the controlled centre frequency. Large modulation coefficients are typical of
wavelength modulation spectroscopy (WMS) used in gas sensing [3]. In Section 6, we discuss
the feasibility of reducing the modulation to a level at or below the residual frequency
uncertainty of the laser emission, making the method more suited to other applications.

2. Theory

The relationship between injection current and junction voltage can be expressed using the
Shockley equation for an ideal diode [22]:

e,
Iles exp W—l (D

where I is the forward (injection) current, /; is the saturation current, e is the charge on an
electron, V; is the junction voltage, # is the ideality factor (=1 for a standard diode), & is the
Boltzmann constant and 7 is the temperature of the junction in K. For V},nkT/e in Eq. (1),

I, =1 e, Q)
‘/'~ s exp ﬂkT

The condition V{lnkT/e is justified in our experiments: we measured V; > 1.3V and nkT/e
=~26 mV. The saturation current [ is given by [22,23]

I o= | Texp| 22|17 = 1 exp| 22 ?3)
: PLUr P\ ar

where E, is the band gap energy measured in volts, y is a constant and the term T * is close to
unity. Combining the forward current /, with the series resistance R, gives the measured
forward voltage V. We can model the series resistance as having a linear temperature
coefficient a over the operating temperature range (see section 5) such that

nkT (1,
V, =V, +I,R = Tm(l—’] + IR [1+a(T-T,)] 4)

s

where R, is the series resistance at temperature 7). Substituting Eq. (3) into Eq. (4) gives

nkT

I\ E
v, = {ln[T—’;j+k—;}+lfRo [1+a(T—TO)] (5)

e

Differentiation and simplification gives the change in forward voltage with temperature.
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We can substitute some typical figures for our laser to give an approximate estimate of the
magnitude of these thermal changes for the two terms on the right hand side of Eq. (6). Using
the following indicative values for variables, 7= 300K, /,= 170mA, Ry =2.6Q and a = 1.7 X
107K (see section 5), gives a value of —1.9 x 10°VK™" for the first term (junction voltage
vs. temperature) and 0.8 x 10~°VK™" for the second (series resistance vs. temperature). Thus,
the series resistance contributes a significant additional temperature dependence to the
forward voltage, which requires compensation if the junction voltage is to be recovered.

Now we consider the measurement of series resistance as a dynamic resistance, ie the
gradient dV/dl. Taking Eq. (5) and differentiating with respect to I, gives

v, I
Y ”_k{ln[T—gj-a}ufRoa (6)

IV, _nkT
o, e
Using the above indicative values gives a value of 0.15Q for the first term (laser junction)
and 2.6Q) for the second term (series resistance). Thus, if the indicative values are appropriate,
the dynamic resistance is dominated by the series resistance, however the junction itself
makes a small contribution of approximately 6%. Again using our indicative values, we can
compare the temperature dependence of the two terms on the right hand side of Eq. (7). The
first term (junction dominated) has a temperature dependence of 5 x 107 QK™', while the
second term (series resistance) has a temperature dependence of 1 x 102QK™". This confirms
that the series resistance dominates the temperature dependence of the dynamic resistance,
with the junction itself contributing around 5%. Importantly, the two effects are both
proportional to T (and therefore also to each other) at fixed injection current.
Thus, measurement of the dynamic resistance can be used to determine the series
resistance and compensate the forward voltage to recover the underlying junction voltage.

+R[1+a(T-T,)] (7)

3. Conventional temperature control

To benchmark our technique, we first tested a 1651 nm DFB laser diode for wavelength
stability using conventional, thermistor-based temperature control. Figure 2 shows a
schematic diagram of the experimental configuration.

Current driver Environmental chamber

TEC Singlemode
A optical fibre
thermistor _,Z 7

Temperature [€— .
controller Laser diode Wavemeter

Fig. 2. Schematic diagram of conventional laser diode control using a thermistor.

An InP ridged waveguide laser with a wavelength of 1651nm (Specdilas HHI TO8 MTE
module) was investigated. The device included a TEC and 10kQ thermistor within a TOS8
package. The thermistor was connected at the input to a temperature controller (Thorlabs
TED200), and the controller’s output was connected to the TEC within the package. The
injection current to the laser diode was supplied using a current driver (Thorlabs LDC200).
The laser diode injection current was kept constant at 167 mA + 0.5mA and the thermistor
temperature was maintained at 25°C + 0.01°C.



Research Article Vol. 25, No. 10 | 15 May 2017 | OPTICS EXPRESS 11684

Optics EXPRESS

Light emitted by the laser was coupled into a 2m length of singlemode fibre (SMF28)
using antireflection coated lenses and a 3-axis alignment block. The coupling efficiency of
this arrangement was low (<5%), which had the effect of reducing feedback to the laser in the
absence of an isolator; the output was observed using an optical spectrum analyser
(Yokogawa AQ6370C-10) and found to be stable and singlemode. The wavelength of the
laser diode was measured with a wavelength meter (High Finesse Angstrom WS6/2001IR)
with a resolution of 0.45pm (50MHz) and absolute accuracy of 1.4pm (150MHz). The
wavemeter also provided a higher resolution, expanded view of the detailed mode structure of
the laser, which confirmed singlemode operation. For consistency with later results, the
wavelength readings were averaged over a period of 300ms.

An environmental chamber was used to maintain a constant external ambient temperature
in the range 15 — 35 °C around the device, with a stability of + 0.5°C. The temperature in the
environmental chamber was changed in 5°C steps and monitored throughout the experiment
using a thermocouple connected to a scanning thermometer (Keithley 740). After each change
in temperature, mechanical expansion / contraction of the alignment block required us to alter
the alignment of the laser diode to the optical fibre before making measurements. For each
temperature step change, we waited for a period of around 5 minutes to allow the temperature
to stabilise before measuring the emitted wavelength.

Figure 3(a) shows the effect of different ambient temperatures on the laser diode
wavelength. The results show a clear systematic reduction in wavelength with increasing
ambient temperature, of —4.0 + 0.5 pm/°C at a constant thermistor temperature. The laser
diode wavelength would typically increase with increasing operating temperature [24], so this
data indicates a reduction in laser diode temperature and wavelength when the ambient
temperature increases. This is consistent with a potential “see-saw” effect, whereby the
setpoint illustrated in Fig. 1 is fixed and external temperature changes force the control
system to pull the laser temperature up or down in the opposite direction.
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Fig. 3. Results of using conventional control to a thermistor temperature of 25 °C, at a constant
injection current of 167mA. (a) wavelength drift with ambient temperature. A best fit straight
line (dashed) is also shown. (b) Long term wavelength stability at an ambient temperature of
20 £ 0.5 °C. Data available at [25].

The long term stability of this control method was also investigated over a period of 60
min by setting the temperature of the environmental chamber to 20 + 0.5 °C and continuously
monitoring the wavelength. Changes in the measured wavelength with time are shown in Fig.
3(b). The laser diode wavelength showed a low level of drift with a standard deviation of ¢ =
+ 2.2 pm. We eliminated mode-hopping as a possible cause of sporadic changes in the signal,
since this would have required an external cavity separation of the order of 40cm, and such a
cavity length was not present in our experiments.
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4. Forward voltage based control

The laser diode forward voltage was used as a temperature sensor to stabilise the wavelength
of the laser diode according to the method described by Uehara and Katakura [17], which
utilises Eq. (1). The basic principle of the forward voltage method is described in the flow
chart in Fig. 4.

Set TEC current
\J/ [TEC =f(verror)

Mieasure iaser diode

forward voltage |
< \H PID controller
Establish forward | /Vemr = Vi~ Vier

voltage setpoint Vet

X
.
-

Fig. 4. Laser diode wavelength stability flow chart using forward voltage based control

The forward voltage was measured using a voltmeter (Keithley 195A), and compared to a
voltage setpoint, chosen to give the required wavelength at specific temperature (for operation
at 25° C and 167mA). The measured forward voltage was passed to a data acquisition card
(National Instruments PCI 6259, 16 bit A to D conversion) and thereby to a control program
running under the LabVIEW software system. The difference between the measured forward
voltage Vrand the setpoint voltage V. acted as an error signal for a control loop. PID control
was implemented using an embedded subroutine (PID.vi) with the following settings: P =5, 1
= 0.005min and D = 0.00005min (using units as prescribed in the subroutine). A second
current driver (ThorLabs ITC510) was used to control the TEC current. The driver was
originally designed for laser diode current injection and included both a DC setting and an
input for modulation signals. The required change to the TEC control current was calculated
by the LabVIEW program and output as an analogue voltage via the data acquisition card into
the modulation input of the second current driver in order to close the feedback loop to the
TEC. Figure 5 shows a schematic diagram of the experimental configuration.

Laser current

driver i Environmental
chamber
—
y A Singlemode
f v ‘:O\" optical fibre
TEC — e
AtoD
converter Laser diode
PC based PID TEC current Wavemeter
controller driver

Fig. 5. Schematic diagram of forward voltage laser diode control

Experiments followed the same procedure as described in section 3. Figure 6(a) shows
that a systematic error in emitted wavelength persisted, with a similar magnitude (4.5 pm/°C)
but opposite sign to that for conventional thermistor control. Figure 6(b) shows the
wavelength stability of the laser diode at constant temperature and injection current, over a
period of 60 minutes. The wavelength stability was ¢ = 1.4pm, which was comparable to that
under conventional thermistor based control. The apparent dropout at 39min was a slow
change that took place over approx. Imin, when the control loop lost lock and then recovered.
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Fig. 6. Results for laser diode controlled using the forward voltage method, at a constant
injection current of 167mA. (a) Variation in wavelength with ambient temperature. A best fit
straight line (dashed) is also shown. (b) Long term wavelength stability at an ambient
temperature of 20°C. Data available at [25].

The long term wavelength stability and systematic error in wavelength with ambient
temperature changes for the forward voltage method were comparable to that of thermistor
control. However, tuneable diode laser spectroscopy of gases such as methane, where the
absorption linewidth is 40pm FWHM at atmospheric pressure, requires a more stable laser
diode wavelength when faced with varying ambient temperatures. For ITU grid operation, the
wavelength drift also falls outside acceptable limits even for small ( + 3°C) temperature
changes. Therefore, an improved wavelength control method is required.

5. Variation in series resistance with temperature

As discussed previously, the junction voltage of a laser diode can provide a precise and
accurate measurement of its temperature. However, for DFB laser diodes such as that used in
this work, we have found that the combination of an injection current of the order of 100 mA
and a small series resistance imposes a small but significant error on the resulting forward
voltage, which is what is measured. Figure 7(a) shows a series of V-I curves (plots of forward
voltage V; versus injection current /) and different laser diode operating temperatures
(controlled in this case using the thermistor at constant ambient temperature), illustrating a
change in series resistance with temperature.

Le] == 10°C 2.757
. 20 2 3
; 16 \ 30°C o 2.70] .
o S 20°C § s
ED 1.41 IS 2.657 /,?
3 2 -7
< 1.2 & 2.60] //i
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g £ ¥
< 1.0 o 2.557
i (%]
0.8 y . . 2.50 " " v y y
0 50 100 150 0 10 20 30 40 50
Injection current lf/ mA Thermistor temperature / °C
(a) (b)

Fig. 7. Electronic characterisation of the laser diode while operating under thermistor control at
different thermistor temperatures. (a) V-I plots, and (b) derived values of series resistance as a
function of temperature, with a best fit straight line (dashed). Data available at [25].

Figure 7(a) shows that with increasing temperature, the forward voltage decreases.
However, the data can also provide a measure of the dynamic series resistance. We measured
the value of 1.0V/dl; as a function of dI/dV, and analysed the gradient to give the series
resistance, R, [22], shown in Fig. 7(b). It can be seen that the series resistance increases with
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temperature. The value of OR/0Ty, in Fig. 7(b) is 4.3 x 107°QK™", yielding a value of a (Eq.
(4)) of 1.7 x 107°K™". At an injection current of 170 mA, a change in ambient temperature of
20°C produces a change in series resistance of 0.13 Q and an increase in the forward voltage
of 22 mV, a significant offset if the forward voltage is to be used for precise thermal control.

6. Junction voltage based control

The principles of junction voltage based temperature control are illustrated in Fig. 8. Firstly,
we measured the DC forward voltage V; of the laser diode, as described in section 4.
Secondly, we applied a high-frequency sinusoidal dither 8/ to the DC injection current /
resulting in a small modulation of both the wavelength and the forward voltage. Monitoring
the magnitude of the modulated voltage 8V, using a lock-in amplifier, gave a dynamic
measure of the series resistance as 0¥,/ dI. Thirdly, we used the value of I; R to compensate
V; and provide the underlying junction resistance V;. Finally, we subtracted V; from a chosen
setpoint voltage V., and passed the resulting setpoint error to a PID control loop that
controlled the current to the TEC. This scheme necessarily involves wavelength modulation
of the source, therefore we aimed to control the centre wavelength of the emission.

Measure laser diode Measure laser diode AC
DC forward voltage V; modulated voltage 6V
Vi v
1 14 =IR
ol fos
Set TEC current
V,: V/-I/Rs ITEC:f(Verror)

Establish junction >ﬁ PID controller
voltage setpoint v Verror = Vi Veer

set

Fig. 8. Flow diagram for junction voltage based laser diode control, using forward voltage
measurement with dynamic correction for the series resistance.

The magnitude of the applied modulation was chosen so as to be suitable for TDLS using
wavelength modulation spectroscopy at the second harmonic of the modulation frequency f.
Typically, the optimum amplitude (for maximum 2f signal) is a factor of 2.2 greater than the
chosen gas linewidth [26]. In practice, the chosen amplitude was a compromise between the
optimum value of 88pm and the desire to keep the modulation as small as possible.

The high frequency (31kHz) tuning coefficient of the laser diode was determined
according to the method described by Schilt and Thevenaz [27]. The amplitude corresponding
to the optimum 2f signal was measured, this being 2.2 x the methane linewidth of 40pm at
atmospheric pressure, the latter determined using data from the HITRAN database [4]. The
tuning coefficient for operation at 31kHz at this optimum setting was then 8.6 + 0.4pm.

Figure 9 shows the experimental configuration for wavelength control using the laser
diode junction voltage. A current driver (Thorlabs LDC200) was used to bias the diode with a
DC injection current of 166 mA. In addition to the DC bias, the laser diode was modulated at
f = 31 kHz with a modulation amplitude of 6/ = 4.5 mA p-p, which also gave a p-p
wavelength modulation of 39 + 3 pm. A lock-in amplifier (Stanford Research SR850, t =
300ms, 24 dB/octave, X output) was used to measure the forward voltage at the first
harmonic of the modulation frequency (1f). The voltage output from the lock-in was passed to
the data acquisition card and used to compensate the forward voltage in order to recover the
junction voltage. The scale factor used for this compensation was determined using a starting
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value of 2.6 Q for Ry and then by making minor changes until the controller was stable.
Again, voltage compensation and the PID were implemented in Labview. The output from the
PID was sent to the modulation input of a second current driver (ThorLabs ITC510) in order

to close the feedback loop

to the Peltier element.
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compensation control € 1 ' line centre
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Fig. 9. Configuration of junction voltage method for stabilising the wavelength of the laser
diode. Inset: Wavelength measurement calibration showing 3f-demodulated signal from
methane reference cell as a function of DC injection current taken at a single, thermistor-
controlled temperature.

Had we used the wavemeter described in the previous sections, it would have measured
the time-averaged emission corresponding to the envelope of the wavelength modulation
(approx. 40pm p-p) resulting from the applied AC current. Although in principle, numerical
averaging might have reduced the aliased modulation signal to leave the DC component, in
practice the response time of the instrument would have cause signal blurring that interfered
with its operation. Instead, the emitted wavelength was measured spectroscopically with the
help of a methane reference cell, a TO can filled with 2.5% methane in nitrogen at
atmospheric pressure and containing an InGaAs photodiode. We therefore relied on the
wavelength stability of the gas line itself; any wavelength instability of the gas line is
negligible for this system [4].

To ensure that the laser diode emision coincided with the gas absorption line centre, the
laser was first coarsely tuned in operating temperature and injection current. Indeed, it was
the settings required to achieve such emission that dictated our choice of operating
temperatures and injection currents throughout this study, to ensure comparability of data.
The signal from the photodiode pre-amplifier was demodulated at 3f using a lock-in amplifier
(Stanford SRS 850, t = 300ms, 24 dB/octave, X output) in the manner of wavelength
modulation spectroscopy [3]. The 3f signal passes through zero at the gas line centre at
1650.96 nm (see Fig. 9 inset), therefore this signal offered a convenient measure of the
deviation of the emitted centre wavelength. The wavelength modulation means that the
instantaneous wavelength was constantly varying.

To calibrate our wavelength scale, the 3f signal was recorded while simultaneously
applying a slow (5Hz) current ramp between 164 and 168mA. The results of this are shown in
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Fig. 9 (inset). The OSA was used to establish a DC tuning coefficient of 23.4 pm mA™,
which was then used to convert the current scale on the x-axis of Fig. 9 (inset) to a
wavelength scale. At the line centre zero crossing, the transfer function of the 3f gas line
signature then provided a means of converting small wavelength changes to measurable
voltages, with a calibration factor of 81 pV pm™.

Use of 3f detection restricted our choice of modulation frequency. The frequency was
chosen to be as high as possible, which would minimise laser excess noise and ensure that we
integrated over the maximum possible number of modulation cycles in our measurements. A
frequency of 31 kHz achieved these aims while still allowing the 3f harmonic to be detected
within the 102 kHz maximum bandwidth of the second lock-in amplifier.

Using the above calibration, the wavelength deviation from the gas line centre was
monitored while the laser diode was operated under junction voltage control. Data was
collected for different external ambient temperatures in the range 15-35°C. The results in Fig.
10 show that the control technique maintained a highly stable centre wavelength both over
time and in the face of ambient temperature changes. Over the entire test, the RMS deviation
from the methane line centre was 0.6 pm, which is comparable with the level of stability
achieved using conventional control at a single ambient temperature. Any systematic change
with ambient temperature could not be fully resolved below the RMS precision.
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5 --- Linear best fit s
.§ 0.5 = 0.5
g g
3 o0 e 3 0.0
£ QN ST £
2 -05 =TT 205
[} Q
K] o
3z -1.0 2 -1.0
2 =
-1.5 T T T T T J -1.57 T T T T T 1
10 15 20 25 30 35 40 0 10 20 30 40 50 60
Ambient temperature / °C Time / min

(a) (b)

Fig. 10. Results for laser diode operated under junction voltage control at a constant injection
current of 165.8mA. (a) Wavelength drift with ambient temperature. A best fit straight line
(dashed) is also shown. (b) Long term wavelength stability at an ambient temperature of 20°C.
Data available at [25].

Figure 10(b) shows the long-term wavelength stability of the laser diode using junction
voltage control at an external ambient temperature of 20°C and injection current of 165.8 mA
for a duration of one hour. The deviation of the laser diode central peak wavelength from the
3f signal horizontal zero axis gave a precise measure of the wavelength stability. The laser
diode remained stable over a period of one hour with a centre wavelength deviation of ¢ =
0.7pm. The cause of the change in wavelength at around 40min is uncertain; this was not
sudden but was a smooth transition that took place over approximately 45s.

Note that these measurements relate to the centre wavelength of the applied modulation,
the latter being Av = 4.4 GHz (AL = 40 pm), which was large compared to the measured
changes in centre wavelength. This modulation depth was chosen partly to give a large 3f
signal from a gas absorption line, and partly because such modulation depths are typical for
TDLS. If a smaller modulation were preferred, it should be possible to reduce it without
compromising the sensitivity of the voltage measurements. The magnitude of the measured
demodulated voltage was a few mV, and control of the centre wavelength required a
measurement precision of < 0.7pm/40pm = 1.8%, or around 80pV. As voltage amplifiers are
available with noise levels of the order of nV Hz " at kHz frequencies, it should be possible
to reduce the modulation depth by a factor of 1000 (to around 0.04pm).
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7. Discussion and conclusions

The relationship between a laser diode’s junction voltage and its operating temperature can be
used as the basis for a temperature sensor which, within a control loop, can stabilise the
temperature and thereby the central frequency of the laser diode if the DC operating current is
also fixed. Previous work has shown that measurement of the forward voltage can be
employed for this purpose. However, in this study we found no benefit to using forward
voltage control compared with a conventional thermistor.

The series resistance of a DFB laser diode was measured over a range of operating
temperatures and was found to increase with temperature. Although the series resistance was
only between 2 and 3 ohms, for DFB laser diodes requiring injection currents of the order of
100 mA or more, we found that changes in the series resistance with temperature can create a
small but significant systematic error in the measured forward voltage.

A new control system was developed based on measurement of the junction voltage of the
laser diode to stabilise its emission frequency/wavelength. The laser diode series resistance
was measured dynamically as dV/dl, by modulating the injection current with a DC bias
above threshold and demodulating the forward voltage at 1f using a lock-in amplifier. The
output was scaled and subtracted from the DC forward voltage measured across the laser
diode, providing real-time compensation that enabled the underlying junction voltage to be
measured. The junction voltage was then subtracted from a voltage setpoint and the result
used as an error signal in a PID control loop.

The compensated voltage was used to control the laser diode temperature while the laser
was held at a fixed bias current, which provided long-term frequency stability (at a fixed
ambient temperature) of the same order as conventional thermistor control. However, in the
face of external ambient temperature changes, the new method resulted in an improvement in
accuracy of approximately 2 orders of magnitude. Any systematic change in frequency with
temperature could not be distinguished above the time-varying frequency precision of the
technique. Table 1 shows the quantified comparison.

Table 1. Comparison of laser diode frequency (or wavelength) control techniques

Wavelength control technique Long term stability (60 min) Systematic drift with ambient
temperature

Thermistor + 240 MHz (£ 2.2 pm) -420 MHz /°C (-4.0 pm /°C)

Forward voltage + 150 MHz (£ 1.4 pm) 490 MHz /°C (4.5 pm /°C)

Junction voltage + 80 MHz ( + 0.7pm) < 3 MHz /°C (S 0.03 pm /°C)

Laser diode frequency stability is important in applications such as telecommunications,
to ensure the emission frequency remains on the ITU grid within a specified tolerance of Av =
+ 1.5GHz (AL = + 12pm) [2], and for tunable diode laser spectroscopy, to enable high
resolution measurement of narrow gas absorption lines. For example, the methane absorption
at 1650.96 nm has a linewidth (FWHM) of Av = 4.4GHz (AA = 40 pm) at atmospheric
pressure and low concentration. For an ambient temperature change of 20°C, conventional
thermistor control would suffer a frequency change of 8.4 GHz (76 pm), greater than this gas
linewidth and outside acceptable limits for telecoms applications. Using junction voltage
control would bring this down to a more manageable 80 MHz (0.7 pm), which is much
smaller than the gas linewidth. This level of precision would also be acceptable for
telecommunications so long as the overall wavelength modulation depth (currently 40 pm or
4.4 GHz) can also be significantly reduced, which is considered feasible.

To achieve this level of frequency stability has required two constraints on laser diode
operation. First, operation at a fixed DC current was needed because changes to carrier
density can affect the refractive index of the active region, and because the injection current
exerts an effect on diode temperature via the Shockley equation. Operation with varying DC
injection current would require measurement of that current and use of experimentally
determined calibration factors for both the V; and R, elements of the control system, via an
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algorithm or look-up table. Lin ef al have used the value of dV¢/dT to correct for changes in
diode temperature that are influenced by the injection current [18]; our work suggests that
series resistance correction might be required to yield dVj/0T in their scheme. Further
compensation may be needed for changes in the refractive index of the diode’s active region.

Secondly, we applied a small sinusoidal current modulation to the diode, which results in
both a small intensity variation and a wavelength modulation (the latter at around 40pm being
significantly greater than the measured deviation in centre wavelength). A wavelength
modulation is often used in TDLS, where the 2f signal is used to measure target gas
concentration [3]. We therefore believe that this technique is well suited for use with TDLS,
and it confers a significant advantage in that it does not require the use of a gas reference cell.
For applications where the magnitude of the wavelength modulation is a problem, we believe
that this could be reduced without compromising the precision of the measurement.

We should also consider whether there are other influences on the measured forward
voltage that could create errors for this control technique. It is known that changes in optical
feedback can cause a measurable change in the voltage across the device [28]. When the
source of the feedback comprises one end of a weakly reflecting external cavity, such changes
may be measured as a small sinusoidal deviation in the voltage as the wavelength is scanned.
This is the basis for the so-called self-mixing technique to measure displacement of the cavity
reflector [28], and can arise both from specular and diffuse reflections. Our previous work
with a DFB laser at 1651nm (albeit of a slightly different type) shows that for high,
exaggerated levels of feedback, the voltage across the laser diode showed a deviation of up to
a few mV [29], which would interfere with the control precision required here. In the
experiments described in this paper, we reduced feedback levels using a low coupling
efficiency to the singlemode optical fibre. For consistent performance under all
circumstances, it is recommended that lasers are operated with an optical isolator.

In summary, we have developed an all-electronic method of stabilising the frequency of a
laser diode, with a systematic frequency deviation (under the influence of external changes to
the ambient temperature) that is a significant improvement over previous electronic
techniques. The level of stabilisation achieved is compatible with the stringent demands of
both TDLS and telecommunications. Although we implemented this using laboratory grade,
bench-top electronics, we believe that the electronics design could be simplified and
miniaturised to be incorporated into laser diode controllers. Use of a current modulation
yields a variation in the instantaneous wavelength; this is not a problem for TDLS using
wavelength modulation spectroscopy but may in future be minimised to a wavelength
modulation at or below the residual wavelength fluctuation noise. Use of the technique
requires characterisation of the laser diode’s series resistance, which may be automated
through the use of V/I curves, and selection of a voltage setpoint that corresponds with the
correct operating wavelength. In this respect there is little difference from the present
conventional situation, which requires characterisation of the wavelength variation with
thermistor temperature. Previous measurement of the forward voltage with laser diodes [17],
LEDs [19] and quantum cascade lasers [20] for control or characterisation purposes provides
encouragement that the new technique might usefully be applied to a wide range of active
optical emitters.
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