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In this paper, we present experimental results of spontaneous emission clamping in the threshold
for vertical-cavity surface-emitting lasers (VCSELSs) with oxide current confinement. We show that
the spontaneous emission not wholly clamps in the threshold. We propose a new method for de-
termining the threshold current value using the study of the clamping phenomena. This method has
an advantage over the commonly used methods in the accuracy because the current of the sponta-
neous emission clamping is betted defined than the current of the slope change of the stimulated
emission light-current curve. The estimated uncertainty of the method is no more than 20 pA.
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1. Introduction

The threshold current is one of the most important parameters of semiconductor lasers.
The determination of its value is crucial for the assessment of thermal properties, qual-
ity of performance, and the applicability of the laser devices. Although the threshold
current is a basic quantity and is intuitively easy to understand, it is defined in several
ways. As a first example, the threshold is defined as a state in which the gain in the
active region of the laser compensates all the cavity and mirror losses [1, 2]. However,
BJORK et al. show that this definition fails in the case of lasers with small cavities, and
they propose the definition of the threshold as a state in which the mean number of
photons in the cavity is equal to one [3]. The quantities used for the threshold defini-
tions are difficult to determine experimentally. Therefore, the measurement methods are
mainly based not on the threshold definition but its practical consequences. The thresh-
old definition is also beyond the scope of our paper.

The practical measurement methods to determine the threshold current include:
a sudden increase of the emitted optical output power, a sudden narrowing of the emis-
sion spectrum, a sudden spatial narrowing of the laser beam [4], the resonance of the
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autocorrelation function in small-signal modulation [5], and the dependence of the for-
ward bias current ( y-axis) versus the square of the relaxation resonance oscillation fre-
quency (x-axis) where the y-axis intercept is taken as the threshold current [6]. However,
the first of these methods is the method most used in practice. This is because the thresh-
old current is determined based on light-current (L-/ ) curves, and the measurement re-
quires only a power supply and a photodetector. Unfortunately, the L-/ curves for diode
lasers are smooth in the threshold region and the threshold current can only be estimated.
This is especially the case for vertical-cavity surface-emitting lasers (VCSELSs), be-
cause of their small resonant cavity length and high spontaneous emission factor [7-9].

In addition to the phenomena mentioned earlier, another symptom of the threshold
is clamping of the spontaneous emission. It is usually assumed that above the threshold,
the carrier density in the active region is constant because stimulated recombination
consumes all excess carriers. Therefore, the gain and the spontaneous emission intensity
above the threshold should be constant [1]. However, PaoLi showed that in semiconduc-
tor lasers, for wavelengths higher than the lasing wavelength, the spontaneous emission
does not sharply clamp [10].

Although the spontaneous emission in VCSELSs is still the subject of active debate and
research [11, 12] and the clamping phenomenon is often used in VCSEL modelling [13],
no measurement results of the spontaneous emission over the threshold in these lasers
have been published to date. In this paper, we present the first experimental study of
the clamping phenomenon in VCSELs and we propose a practical and fast method to
determine the threshold current based on this phenomenon.

2. Experiment

2.1. VCSEL structure

For the experiment, we made GaAs-based VCSELs designed for emitting near-infrared
light with a peak wavelength of 980 nm. The active region consists of five 4-nm-thick
Iny,Gag gAs quantum wells alternated with six 5 nm-tick GaAs P ; barrier layers.
The active region is sandwiched between 16.5 periods of the C-doped p-type
Alj 9Gag 1As/GaAs distributed Bragg reflector (DBR) and 35 periods of the Si-doped
n-type AljyoGag 1As/GaAs DBR. Four 20-nm-thick oxide-aperture layers located in
nodes in the p-type DBR confine the electrical current in the active region. The depth
of the oxidations in the exposed top mesa sidewalls is about 23 um. Information about
the fabrication technology can be found in [14].

In the experiment, we measured lasers with three different mesa diameters and,
thus, three different current oxide apertures. The oxide aperture diameters are 2, 12,
and 16 pm.

2.2. Measurement set-up

We measured the optical output power versus current (L-/ ) characteristics of the lasers
in two configurations of the experimental set-up. In the first configuration, named the
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Fig. 1. Design of the experimental set-up in the on-axis configuration.

detector
spontaneous
emission

stimulated

laser

i
W

Fig. 2. Design of the experimental set-up in the off-axis configuration.

on-axis configuration, the detector is centred on the laser beam axis (see Fig. 1) and
the distance between the laser and the detector is 6 mm. In the second configuration,
named the off-axis configuration, the photodetector is placed outside the laser beam
to detect the sidelight electroluminescence which is spontaneous emission (see Fig. 2).
The detector is placed on the same height as in the on-axis configuration. The angle
between the beam propagation direction and the laser photodetector line is about 60°.

In both configurations, the laser is supplied by a continuous current source (Thorlabs
LDC8005 PRO8000), the radiation is detected by a silicon photodiode (Thorlabs
S130C), and the current value is measured by an external multimeter (Keithley 2000).
The resolution of the optical power measurement is 100 pW and the resolution of the
power supply current measurement is 10 nA. The measurements are performed at sev-
eral temperatures in the range of 288-343 K.

2.3. Methods of threshold current determination
based on light-current curves

There are four widely used methods for the estimation of the threshold current based
on the L-/ curves including: 1) the linear line fit method; 2) the two-segment line fit
method; 3) the first derivative method; 4) the second derivative method.

Linear line fit method [1, 11]. In this method, only the over-threshold part of the
L-I curve is taken into consideration. The threshold current is determined as a point
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of the intersection of the linear line fit of the over-threshold L-/ curve with the current
axis. This is the simplest and the most commonly used method.

Two-segment line fit method [11]. In this method, two linear fits are used: one fit
of the over-threshold L-/ curve (like in the linear line fit method) and the fit of the
under-threshold curve. The threshold current is determined as a point of the intersection
of these lines.

First derivative method [1, 11]. In this method, the derivative of the optical output
power over the current is calculated. The threshold current is determined as a current
in which the derivative reaches half of its maximum value. This method requires prior
smoothing of the L-I curves.

Second derivative method [8, 11]. In this method, the second derivative of the op-
tical output power over the current is calculated. The threshold current is determined
as a current in which the second derivative reaches its maximum value. This method
is considered the most accurate, and also requires prior smoothing of the L-/ curves.

In this paper, we propose another method, based on finding a kink of the off-axis
L-I curve. Inthis method, two linear fits are used, as in the two-segment line fit method,
but the fitted curve is the spontaneous-emission power versus current curve.

3. Results

Figures 3, 4, and 5 show measured L-/ curves of the lasers with 2, 12, and 16 pm oxide
aperture diameters, respectively. The beam of the 2-um VCSEL is single-transverse
-mode beam while the beams of the other two are multi-transverse-mode beams. Optical
output power values measured in the off-axis configuration of the set-up are multiplied
by constant values to normalize the below-threshold part of the off-axis curves to the
on-axis curve.

Based on the on-axis measurements, we determine the values of the threshold cur-
rent by using the four different methods described in Section 2.3. The Table presents
these values for the ambient temperature of 288 K compared with the current values
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Fig. 3. Light-current curves measured for a VCSEL with a 2-pm oxide aperture diameter in two ambient

temperatures: 288 K (a) and 343 K (b). The dashed lines are extrapolations of the linear parts of the on-axis
curve.



A simple and precise method for the threshold current determination... 285

Power [a. u.]

—— On-axis
—— Off-axis
(adjusted to on-axis)

—— On-axis
—— Off-axis i
(adjusted to on-axis)

0 2 4 6 8 0 2 4 6 8
Current [mA] Current [mA]

Fig. 4. Light-current curves measured for a VCSEL with a 12-um oxide aperture diameter in two ambient
temperatures: 288 K (a) and 343 K (b). The dashed lines are extrapolations of the linear parts of the on-axis
curve.
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Fig. 5. Light-current curves measured for a VCSEL with 16-pm oxide aperture diameter in two ambient
temperatures: 288 K (a) and 343 K (b). The dashed lines are extrapolations of the linear parts of the on-axis
curve.

Table. Threshold current values in 288 K obtained by various methods.

Oxide aperture diameter [pm]

2 12 16
Linear line fit [mA] 0.368 1.547 2.317
Two-segment line fit [mA] 0.378 1.597 2.392
First derivative method [mA] 0.376 1.548 2.339
Second derivative method [mA] 0.377 1.551 2.338
Kink of the off-axis curve [mA] 0.375 1.612 2.442

corresponding with the kinks in the off-axis curves. For small aperture (2 pm), the lin-
ear line fit method gives 2% smaller value of threshold current than the value obtained
from the off-axis measurement. Other methods give more converged values, higher
than the off-axis value by less than 1%. For wider apertures, all values obtained by
these methods are understated in comparison to kink of the off-axis curve. The differ-
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ence is 4-5% for the linear line method, 1-2% for the two-segment line fit method and
4% for both derivation methods. The hardware inaccuracies of the power and current
measurements are so low compared to the differences between the results that in our
measurement they practically do not affect the accuracy of the threshold current de-
termination.

As expected, we observed that on-axis curves are smooth in the threshold region.
Based on the dependence of the second derivative on the current, we determined the
current range of the light-current curve non-linearity as 0.0864 mA for the 2-pm oxide
aperture diameter VCSEL, 0.475 mA for the 12-um oxide aperture diameter VCSEL,
and 0.603 mA for the 16-um oxide aperture diameter VCSEL. These are, respectively,
23%,29%, and 25% of the estimated threshold current values. The off-axis curves have
sharp slope reduction in the threshold and such a region of non-linearity is smaller than
the current step. In the plot of the second derivative for the narrower aperture (see
Fig. 6a), the peak corresponding to the threshold current is indistinguishable from
noise, but for the wider apertures (see Figs. 6a and 6b) there are one-point-wide neg-
ative peaks, low but distinguishable. That means the accuracy of the determination of
the kink position (and thus the threshold current) in our experiment is less than twice
the current step, i.e. 20 pA.

a —— On-axis
—— Off-axis
(adjusted to on-axis)

0.0 0.5 1.0 1.5
b On-axis C On-axis
| —— Off-axis —— Off-axis
(adjusted to on-axis) - (adjusted to on-axis)

Second derivative of power over current [a. u.]

I I T T T T T T I I T
0 2 4 6 8 0 2 4 6 8 10

Current [mA] Current [mA]

Fig. 6. Plots of the second derivative of power over current determined for VCSELs with 2-um (a), 12-pm (b)
and 16-pm (c) oxide aperture diameter in 288 K. The values determined in the off-axis configuration are
multiplied by the same constant values as in Figs. 3, 4, and 5.
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For a 2-pm oxide aperture diameter, the slope of the over-threshold curve measured
in the off-axis set-up configuration is 0.65 of the below-threshold slope. For 12-um
oxide aperture diameter and 16-pm oxide aperture diameter VCSELSs, this ratio is 0.45
and 0.48, respectively.

4. Conclusions

The measurements in the off-axis configuration show that in VCSELSs the spontaneous
emission clamps at the threshold current. However, the clamping is not absolute, and
it is stronger for larger oxide aperture diameters and weaker for the smallest oxide ap-
erture diameter. It could be caused by mixing radiation with different wavelengths: las-
ing wavelength with the sharp clamping and higher wavelengths with soft clamping,
as presented by PaoLi for double-heterostructure lasers [10]. To resolve this, spectral
measurements must be made.

Unlike the on-axis L-I curves, the off-axis curves have a sharp kink in the threshold
region. This allows for a more accurate threshold current determination based on the
off-axis measurements compared with measurements based on standard (on-axis)
L-I curves. We showed that the threshold current values estimated based on standard
L-I curves are understated, which is consistent with conclusions published by KANE
and TooMEY [6]. The shapes of all the L-/ curves in the threshold region do not change
with the temperature.

The herein presented method of threshold current determination is as simple as the
standard measurement of light-current characteristics but more precise, especially in
the case of multi-transverse-mode beams. We estimated the uncertainty of the method
at no more than 20 pA and can be even better for a smaller current step. Such accuracy
can be useful in particular for determining thermal properties of the lasers, where sev-
eral threshold current measurements are made.

Furthermore, the method is not phenomenological, but it is based on laser physics
— on the occurrence of spontaneous emission clamping at the threshold.
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