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Abstract: We describe two methods, based on Michelson interferometery, that enable the determina-
tion of the absolute wavelength of current-modulated semiconductor lasers. By non-linear regression
of the instantaneous frequency of the interference signal, the rate of change of the wavelength of the
radiation can be inferred. Alternatively, the absolute wavelength can be directly calculated from the
maxima and minima of the interference signal. In both cases a reference absorption line enables the
determination of the absolute wavelength. Both methods offer respective advantages. The methods
allow a highly resolved wavelength measurement under lower kilohertz range current-modulation
with relatively little effort. As a result, we present the rates of wavelength change and absolute
wavelengths exemplarily for a specific interband cascade laser. It is furthermore shown that the
spectral dynamic range of the laser decreases with increasing modulation frequency.

Keywords: current modulation; interband cascade laser; michelson interferometer; high-resolution
spectroscopy

1. Introduction

The exact knowledge of the emission wavelength is one of the fundamental parameters
in laser spectroscopy. Several spectroscopic techniques such as photoacoustics require a
modulation of the radiation as a matter of principle [1].

Semiconductor lasers can easily be modulated by variation of the operating current.
In doing so amplitude as well as wavelength modulation are possible. However, assuming
a simple, frequency-independent proportionality between wavelength and current, as it
is observable in continuous wave (cw) operation, can lead to significant measurement
errors [2]. The determination of the momentary wavelength becomes extraordinarily
difficult if the semiconductor laser emitting in the mid-infrared (e.g., an interband cascade
laser or ICL) is modulated with a higher frequency.

At present, different methods and measuring devices exist that enable the spectral
characterization of semiconductor lasers such as ICLs [3]. However, all of them are pri-
marily applicable for cw radiation. Often, prism or grating spectrometers are used as
measuring instruments, which are based on diffraction and interference phenomena, re-
spectively. A further method is the Fourier transform interferometer (FTIR), which is based
on a Michelson interferometer and determines the emission spectrum by Fourier transform
of the interferogram [4].

Another possibility is the “wavemeter” of BRISTOL Instruments, Inc. (Victor, New York,
NY, USA). It measures the wavelength of a laser on the basis of a Michelson interferometer,
provides accuracy in the ppm range and represents the state of the art for wavelength
measurements in continuous wave operation [5–7].
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If the laser is operated in current-modulation mode, there are only few possibilities.
One approach determines the wavelength change as a function of the laser operating
current (dλ/dI) [8]. The experimental setup is based on a Mach-Zehnder interferometer
and the change in wavelength is calculated using a mathematical algorithm which is not
further described. This method does not allow a determination of the absolute wavelength
as a function of the current.

Another possibility for a fast wavelength measurement is a heterodyne (or super-
heterodyne) Michelson interferometer. It differs from the homodyne interferometer in that
a beat signal is analyzed that results from the superposition of the radiation to be analyzed
and that of a second laser. This technique is particularly well suited if the phase of the beat
signal is required [9–11].

A US patent from 2019 represents the latest research progress regarding the determi-
nation of the absolute wavelength of current-modulated semiconductor lasers. It is pointed
out that, on the basis of an interferometer, the absolute wavelength of tunable lasers can be
determined very precisely. The rudimentarily described method mentions the need for a
reference wavelength, e.g., a gas absorption line [12].

To the best of our knowledge there is only one commercially available device for the
determination of mid-infrared wavelengths in modulation mode. The “NLIR 2.0–5.0 µm
spectrometer” of NLIR ApS (Farum, Denmark) is based on non-linear optics and transforms
the laser radiation into the near-infrared range, which is subsequent analyzed using a
diffraction grating and a CMOS sensor [13]. According to the manufacturer the maximum
sampling rate of the instrument is 130 kHz. The spectral resolution of the NLIR is around
1.5 nm.

Due to the fact that the currently available methods for the spectral characterization
of current-modulated semiconductor lasers, especially DFB interband cascade lasers, are
not sufficient to achieve a high spectral resolution, new techniques are required.

2. Materials and Methods

In the following, two methods for determining the absolute wavelength of modulated
semiconductor lasers, in this case interband cascade lasers, are described. Both are based
on the same experimental setup and exhibit advantages and disadvantages due to the
different signal processing.

2.1. Experimental Setup

Figure 1 shows the schematic experimental setup for measuring the laser wavelength
as function of the current during modulation. It is based on a homodyne Michelson
interferometer with silver mirrors and a CaF2 beam splitter [14]. The difference between the
two distances a and b is of great importance, because it determines the quality of the results.
If a and b approach each other, the number of maxima and minima in the interference signal
decreases, which is disadvantageous for the spectral characterization. Simultaneously, the
signal-to-noise ratio (SNR) increases due to the decreasing distance to the detector. This
has a positive effect on the evaluation. If one of the two paths becomes significantly larger
than the other, the number of maxima and minima increases, however, the SNR decreases
due to the longer distance to the detector. In order to achieve a good compromise between
spectral resolution and SNR, the distances have to be empirically optimized.

The Thorlabs PDA07P2 employs an InAsSb detector and provides a bandwidth of
9 MHz. The ICL 1541, manufactured by nanoplus GmbH (Gerbrunn, Germany), was
characterized with an average wavelength λ0 of 3333 nm and a spectral linewidth of less
than 20 MHz. The laser can be operated at temperatures between 15 and 27 degrees
Celsius. Stimulated emission occurs with operating currents between 25 and 45 mA. The
average optical output power is 5.5 mW. During cw operation it can be assumed that the
wavelength is proportional to the current with dλ/dI = 0.16 nm/mA. The ICL is driven
by the Thorlabs TLD001 diode driver and its temperature is controlled by the Thorlabs
temperature controller TTC001. The laser diode current can be accurately set to 10 µA with
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a noise level < 3 µA rms. The ICL chip is installed in a TO66 housing including a Peltier
element for temperature regulation and the temperature sensor. Within the scope of the
technical possibilities, the laser wavelength is optimally stabilized. A 33220A function
generator (Agilent, Santa Clara, CA, USA) is used to modulate the operating current of the
diode driver.
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Figure 1. Experimental setup based on a Michelson interferometer.

The intensity detected by the detector is converted into a voltage signal which is sam-
pled by a PicoScope 5444D (Pico Technology, Cambridgeshire, UK) with 16 bit resolution.
The sampling rate is 62.5 MS/s. The sampled signal is then subjected to processing by
means of MATLAB. After the signal is time sliced, Savitzky-Golay based filtering of the
signal is performed to eliminate high frequency noise [15]. This optimizes the precision
of the subsequent detection of the local maxima and minima in the interference signal.
Subsequently, different mathematical equations and methods are applied according to the
procedures described in Sections 2.2 and 2.3, respectively.

2.2. Non-Linear Regression
2.2.1. Spectral Characterization

The electric field (E-field) component of the ICL radiation at the location of the detector
can be described as [16]:

E(t) = Ê(t)·ej(ωt+ϕ0) (1)

where ω is the instantaneous angular frequency of the E-field and ϕ0 is the initial phase of
the laser radiation. The stochastic phase noise of the laser radiation is neglected here, since
it would only increase the complexity of the equation and does not add any value to the
following calculations. Ê(t) corresponds to the amplitude and is time-dependent because
the ICL is modulated.

One part of the laser beam is transmitted through the beam splitter and reflected by
mirror (1). When it hits the detector, its E-Field equals:

E1(t) = Ê(t)·ej(ωt+ϕ0). (2)

The second part of the laser beam is reflected at the beam splitter, then reflected
at mirror (2) and subsequently transmitted through the beam splitter. Due to the path
difference sd = 2(b− a), it hits the detector delayed by a time td compared to E1(t):

td =
2(b− a)

c
=

sd
c

, (3)



Photonics 2021, 8, 443 4 of 10

where c corresponds to the speed of light. If this part of the laser beam hits the detector, the
E-field component can be described with:

E2(t) = E1(t− td) = Ê(t− td)·ej(ω(t−td)+ϕ0). (4)

If the laser current is modulated, the wavelength (angular frequency ω) changes
continuously as a function of time. This results in the following relationships for the E-field
components hitting the detector:

E1(t) = Ê(t)·ej(
∫ t

0 ω(τ)dτ+ϕ0), (5)

E2(t) = Ê(t− td)·ej(
∫ t−td

0 ω(τ)dτ+ϕ0). (6)

The integration of the angular frequency becomes necessary because it is not constant
over time anymore.

If both partial beams hit the detector, the sum of both components equals:

ES(t) = E1(t) + E2(t). (7)

Since the detector only detects intensities, the relationship between the E-field compo-
nents and the intensity must be applied [17]:

I(t) ∝ |Es(t)|2. (8)

Since the absolute value of the intensity is of no importance for the further considera-
tions, the following results for the detector signal:

I(t) ∝ Ê2(t) + Ê2(t− td) + 2Ê(t)·Ê(t− td)· cos
(∫ t

t−td

ω(τ)dτ

)
. (9)

Due to the extremely short interferometer delay time (td < 1 ns), it can be assumed
that E(t) ≈ E(t− td), which simplifies Equation (9) to:

I(t) ∝ 2Ê2(t) + 2Ê2(t)· cos
(∫ t

t−td

ω(τ)dτ

)
. (10)

Therefore, the detector signal depends particularly on the interferometer delay time
and corresponds theoretically to an oscillation between 4Ê2(t) and zero. The instantaneous
angular frequency of the laser ω(t) can be derived from the phase ϕ(t) of the detector signal.
This is possible due to the elementary relationship between the angular frequency and the
phase ω(t) = dϕ(t)

dt [18]:

ωI f (t) =
.
ϕ(t) =

d
dt

(∫ t

t−td

ω(τ)dτ

)
, (11)

where ωI f (t) corresponds to the angular frequency of the interferometer signal. Since the
integration interval in Equation (11) corresponds to the delay time td, the infinitesimal
value ω(τ) can be considered approximately constant in the interval. Thus Equation (11)
results in:

ωI f (t) =
d
dt

ω(t)·td = 2π·c·td·
d
dt

1
λ(t)

= −2π·c·td
λ2(t)

·dλ(t)
dt

. (12)

The square of the wavelength λ2(t) can be approximated by the square of the average
wavelength λ2

0 given in the data sheet of the respective semiconductor laser. Understand-
ably, this does not apply to λ(t) in the derivative. Resolved according to the wavelength
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change as function of time and with the relationship sd = c·td according to Equation (3), it
follows that:

dλ(t)
dt

= −
f I f (t)·λ2

0

c·td
= −

f I f (t)·λ2
0

sd
, (13)

with the momentary frequency of the interference f I f (t). The negative sign on the right
side has no meaning for further calculations. Due to the symmetry of the cosine function,
it is not possible to distinguish between positive and negative phases of the interferometer
signal. The negative sign can therefore be omitted.

However, the wavelength change as function of the change in current is sought. The
modulation of the current is, in this case, sawtooth-shaped with the rate of change k
(units: mA

s ):
dI(t)

dt
= k. (14)

Equation (14) solved for dt and inserted into Equation (13) delivers (if the sign is omitted):

dλ(I)
dI

=
f I f (I)·λ2

0

sd·k
. (15)

The wavelength as a function of the operating current can be determined from the
differential quotient by means of integration if an absolute wavelength is known as refer-
ence point:

λ(I1) =
∫ I1

I0

dλ(I)
dI

dI + λ(I0). (16)

The reference wavelength λ(I0) can, for instance, be determined experimentally. If
the modulated laser beam passes a cell filled with a gas that shows a strong and distinct
absorption line in the expected wavelength range, the transmission of the interference
signal provides the reference wavelength [19].

2.2.2. Error Estimation

The wavelength as function of current calculated according to Equation (16) is subject
to deviations due to measurement errors and approximations.

Equation (15) inserted into Equation (16) results in:

λ(I1) =
λ2

0
sd·k

∫ I1

I0

f (I)dI + λ(I0). (17)

The coefficients of the regression function f (I) can be determined applying a polyno-
mial regression of second (or larger) degree using the evaluated frequency values of the
interference signal. After integration, a closed analytical expression is obtained, depend-
ing on metrologically determined quantities, which are subject to error tolerances. The
maximum possible error can then be calculated by the sum of the following components:

∆λ(I1)λ0
=

2λ0

sd·k

( a1

3
I3
1 +

a2

2
I2
1 + a3 I1 −

a1

3
I3
0 −

a2

2
I2
0 − a3 I0

)
·∆λ0, (18)

∆λ(I1)sd
=

λ2
0

s2
d·k

( a1

3
I3
1 +

a2

2
I2
1 + a3 I1 −

a1

3
I3
0 −

a2

2
I2
0 − a3 I0

)
·∆sd and (19)

∆λ(I1)λ(I0)
= ∆λ(I0), (20)

where a1...3 stand for the coefficients of the regression function and ∆λ0, ∆sd and ∆λ(I0) for
the absolute errors of the individual variables. The influence of the integration according
to Equation (17) on the maximum error can be estimated by the Riemann sum [20]. It
includes the standard deviation of the instantaneous frequency f (I), which results from the
non-linear regression.
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An additional error is caused by approximations. One of the effects is the standard
deviation σI f of the interference signal which describes the distribution of the instantaneous
frequencies around the regression function. For its share of the maximum wavelength error
∆λσ I f applies:

∆λσ I f =
λ2

0
sd·k
· ± σI f ·(I1 − I0). (21)

The result must be added to that from Equations (18)–(20).

2.3. Direct Evaluation of Fringes
2.3.1. Spectral Characterization

The equations presented in Section 2.2 are also valid for the method labeled “di-
rect evaluation of fringes”. The cosine occurring in the interference signal, according to
Equation (10), corresponds to local maxima and minima, hereafter referred to as fringes,
due to constructive and destructive interference.

The conditions for constructive and destructive interference depend mainly on the
path difference of the Michelson interferometer whereas:

sd = n·λ, (22)

sd = (2n + 1)·λ
2

, (23)

respectively, with n ∈ Z [21]. By means of a reference wavelength based on an absorption
line in the transmission spectrum, the absolute wavelengths of the individual fringes
according to Equations (22) and (23) can be calculated: After n of the local extremum
nearest to the reference wavelength has been determined, all other extrema can be assigned
by iterating n. Subsequently, the wavelengths in between the individual extreme points are
calculated by non-linear regression.

2.3.2. Error Estimation

The accuracy of the results of this method depends, besides the exactness of the
reference wavelength, mainly on the accuracy of the path difference sd. Its influence on the
maximum error of the frequency of fringes f f results in:

∆ f f = n· c
s2

d
·∆sd, (24)

∆ f f =
2n + 1

2
· c
s2

d
·∆sd, (25)

for constructive and destructive interference, respectively, where ∆sd corresponds to the
maximum error of sd and the natural number n to the number of fringes which lie to the
left or right of the reference wavelength. Due to the linear relationship between ∆ f f and
n, it is advantageous to base the calculation on the frequency and convert it subsequently
to wavelength.

3. Results

The two methods were tested using the nanoplus ICL 1541. For the test a sawtooth
modulation between 25 and 45 mA was applied. Measurements were conducted at 15,
21 and 27 ◦C in order to cover the entire dynamic range. The gas used for the determination
of the reference wavelength is ethane with a purity of 99.999% and 99% nitrogen content.
Measurements were taken at a gas temperature of approximately 22 ◦C and a pressure of
1000 mbar.

Figure 2 shows exemplary results obtained by the two methods.
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Figure 2. Measurements with the nanoplus ICL 1541 at sawtooth modulation: (a) Exemplary interference signal at 100 Hz
modulation frequency and 15 ◦C laser temperature; (b) Change of wavelength as function of operating current for different
modulation frequencies based on the non-linear regression method at 15 ◦C laser temperature; (c) Absolute wavelength as
function of operating current for different modulation frequencies based on the non-linear regression method at 15 ◦C laser
temperature; (d) Absolute wavelength as function of the operating current for three different laser temperatures based on
the non-linear regression method at 100 Hz modulation frequency; (e) Absolute wavelength as function of the operating
current for three different laser temperatures based on the direct evaluation of fringes at 100 Hz modulation frequency; the
crosses mark the calculation points.
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The measuring ranges of the two methods differ, because discontinuities in the in-
terference signal are bridged in the non-linear regression method. They can be extracted
directly from Figure 2d and e, respectively. Table 1 lists the measuring ranges as well as the
wavelength errors according to Equations (18)–(21).

Table 1. Measuring ranges and wavelength errors of the two methods.

Method Measuring Range Wavelength Error

Non-linear Regression method 30–45 mA ∆λ = ±0.12 nm
Direct evaluation of fringes 31–45 mA ∆λ = ±0.030 nm

Table 2 presents the spectral range of the ICL as function of the modulation frequency.

Table 2. Spectral range of nanoplus ICL 1541.

Modulation Frequency (kHz) Wavelength Range (nm) ∆λ (nm) ∆λ (Relative to cw)

cw 3327.52–3330.57 3.05 1.00
0.1 3328.48–3330.27 1.79 0.59
0.4 3328.55–3330.01 1.46 0.48
1 3328.60–3329.95 1.35 0.44
3 3328.67–3329.84 1.17 0.38
6 3328.73–3329.74 1.01 0.33
12 3328.80–3329.63 0.83 0.27
20 3328.87–3329.53 0.66 0.22
30 3328.88–3329.42 0.54 0.18

Figure 3 shows the spectral dynamic range ∆λ (relative to cw) as a function of fre-
quency on the basis of the values in Table 2. According to the shape of the graph in Figure 3,
it is reasonable to assume that the relationship shown corresponds to the natural logarithm.
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4. Discussion
4.1. Advantages and Disadvantages of Both Methods

A direct comparison of the methods in Section 2 shows that the direct evaluation of
fringes requires fewer physical quantities for the calculation of the absolute wavelength
and less computational effort compared to the non-linear regression method. This results
in an overall higher precision.
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The “non-linear regression method” on the other hand enables a compensation of
discontinuities in the interference signal and, therefore, a larger measuring range compared
to the direct evaluation of the fringes.

4.2. Explanatory Approach

Due to the lack of spectrometric tools, the spectral performance of mid-infrared
semiconductor lasers under modulation has not yet been systematically investigated. The
fact that the spectral dynamic range (i.e., the spectral modulation depth) decreases with
increasing modulation frequency, as shown in Table 2 and Figure 3, was new even to the
laser manufacturer. There is also no theoretical approach with which these measurement
results could be compared.

However, the emission wavelength of a semiconductor laser is primarily determined
by the geometric dimensions and the refractive index of the semiconductor material, and
both parameters are significantly influenced by the laser temperature and thus indirectly
by the injection current. A plausible explanation could therefore be a frequency-dependent
temperature distribution of the semiconductor laser material. As the modulation frequency
increases, there is less time available for establishing a thermal equilibrium. A changing
frequency would therefore lead to a changing temperature distribution or the occurrence
of (additional) inhomogeneities. Effects on the spectral emission are to be expected [22].

5. Conclusions

Figure 2a does not perfectly correspond to the mathematical description given by
Equation (10). From the equation it would be expected that mutual cancellation of the DC
and AC components and adding occur alternately. However, this is not observable because
on the one hand Equation (10) is based on several approximations and on the other hand
the alignment of the individual partial beams in the Michelson interferometer is not perfect.

An analysis of the results presented in Figure 2d,e shows that the wavelength differ-
ence between the two methods is only of the order of a few hundredths of a nanometer.
Figure 2b,c demonstrate that, with increasing modulation frequency, the wavelength change
as function of operating current decreases. This limits the spectral range of the ICL which
is particularly relevant for wavelength modulation.

The spectral tuning characteristics of the modulated laser dλ(I)/dI (Figure 2b) and λ(I)
(Figure 2c–e) can be approximated by quadratic polynomials and cubic polynomials, re-
spectively. Compared to cw operation, the ICL thus shows a clearly nonlinear spectral behavior.

In cw operation, the tuning coefficient dλ/dI for the nanoplus ICL 1541 equals ap-
proximately 0.16 nm

mA . Figure 2b shows that with decreasing modulation frequencies the
individual curves approach this constant value.

The direct evaluation of fringes is a factor of four more precise than the non-linear
regression method, as fewer error-prone variables are included. However, the accuracy of
both methods strongly depends on the precision of the reference wavelength derived from
the transmission spectrum. An advantage of the non-linear regression method over the
direct evaluation of fringes is a larger measurement range.

Compared to the state of art, both methods achieve a significantly higher resolution,
which does additionally have the potential to be optimized by adjusting the path length
difference of the Michelson interferometer.

A heterodyne (or super-heterodyne) interferometer would not provide advantages
over the applied homodyne setup, especially with regard to spectral resolution. A signifi-
cant disadvantage represents the need of a second often frequency-stabilized laser.

In conclusion, it should be mentioned that both methods can be adapted to other
types of modulation (e.g., sinusoidal) and applied for the analysis of spectra recorded by
wavelength modulation spectroscopy [23].
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