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Temperature dependence of wall-plug efficiency of high power laser diodes is theoretically analyzed in
terms of experimentally measured parameters of the device. This issue has an influence on the
available power output and on the degradation mechanism. High power laser diodes have become
increasingly important as the output power of such devices continues to rise. The present calculations
revealed that the decrease of wall-plug efficiency with temperature could be explained, presumably in
terms of excess voltage loss and internal waveguide optical loss. Understanding the dynamic
mechanism of the decrease of efficiency can lead to optimum operating conditions of the device.
Thermally rolling power runaway is found to be an important factor in the high power laser diodes

degradation and eventually to device failure
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INTRODUCTION

High power laser diodes are appropriate light sources for
enormous applications due to their high power
conversion efficiency. The primary issue limiting the
maximum power of these devices is self-heating (thermal
rolling) at high drive currents (Li et al., 2007). For low-
series-resistance and thermal-resistance device, it is
found that the junction-temperature rise in CW operation
is a strong function of both the characteristic temperature
for external differential efficiency as well as of the
heatsink thermal resistance (Botez, 1999) thermal
resistance effect will be shown in this article.

Thermally affected high power laser (HPL) parameters
will be studied in this work. Based on our experimental
results, the temperature dependence of the crucial
parameters of high power laser diodes will be
investigated numerically. Among these are; the slope
efficiency, wall-plug efficiency, and the internal loss.
These critical device parameters, in addition to the
hetero-barrier leakage and series resistance have to be

optimized to yield maximum light powers (Schmidt et al.,
2005). Thermal resistance will be shown in this article to
be increased with optical power output, which degrades
the efficiency of the device. Recently, it has been showed
that low thermal resistance can provide high slope
efficiency by the lithographic approach (Demir et al.,
2010). Thermal properties of laser diode chips can be
described by a thermal time constant associated with the
heat spreading volume in the substrate (Shan et al.,
2010). The efficient heat extraction from the substrate by
excellent cooling system will be the most crucial issue for
high power conversion efficiency. The temperature
dependence has to be taken into account in any laser
design for high power conversion efficiency.

Theory

The wall-plug efficiency of a high power laser diode is given by:
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where ' is the optical power output, Poeat is the electrical input

power. The dependence of Pon on the pumping current above
threshold can be described as (Diehl et al., 2006):

Popt = nslope'(lop - Ith) (2)

with s s the slope efficiency. The slope efficiency is related to

Mext

the external differential quantum efficiency
2007):

as (Behringer,
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9 isthe necessary voltage needed to get the required injection

I, . . .
current, °° is the operating current, and L is the threshold
current. The electrical input power can be written as:

Ftelect :Vop'lop +Rs'|02p (4)
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with ~°Pis the applied voltage at the operating current, and R, is
the series resistance. In this paper, the applied voltage will depend
on the input power. The dissipated power in the laser is:

ho ho
Pdis = Ith'next'__'_ Iop(vop _next'_)_'_ Rslozp
q q )

The temperature rise of the active region is connected to the

dissipated power through the thermal resistance, Ri as
(Laikhtman et al., 2005):

AT = th 'Pdis (6)

The temperature dependence of threshold current and slope
efficiency can be described as exponential functions with two

specific constants T° and T' as (Bai et al.,, 2010; Botez et al.,

1996):

sz —le
L (sz) =l (le)EXp(—T )
0 (7)

T.-T,
nslope (sz) = nslope (sz) exp( )
K ®

Here, L and Mstope are measured at the different junction

T. T, . -
temperatures 1t and 2. It is very difficult to get values for T,

and T from principles, but relatively simple to extract them from
measurements. Higher barriers and lower threshold current will
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increase the values of T and T giving laser with better
temperature stability.

Device parameters

Non-coated anti-reflection (AR) bar laser diodes (BLD's) with
reduced linewidth, increased spatial brightness, and low thermal
resistance was used in the experiments. Low thermal resistance
was achieved in our setup by minimizing the intra-package and
package to heat sink interface which will enable the device to work
with high power and external efficiency. On the other hand, low
thermal resistance enable the BLD to be operated CW without
sacrificing operating lifetime in addition to the superior performance.

Depending on the thermal resistance, the heat dissipation in
laser diodes results in an active region temperature rise. This
temperature rise limits the output power (through so-called thermal
rollover) and enhances the device degradation mechanisms. It is
therefore critical to minimize the thermal resistance in high-power
laser devices.

Narrow linewidth and stable wavelength emission were
maintained during the operation by the influence of high accurate
current driving circuitry and temperature controller. The mount of
the BLD had the ability to control the temperature of the active
region within the required stability with both the thermo-electric
cooler (TEC) and the liquid nitrogen (the cryostat). A slope
. nslope Ith
efficiency of (1.3024 W/A), threshold current of (6.2 A),
series resistance Rs (7.6 mQ), thermal resistance Ry, (1.2 K/W), and
wavelength (803.08 nm) at a temperature (19°C) were the device
parameters found experimentally. Other parameters, which can be
affected by temperature, were also obtained for the sake of

&y -0 0 N,/ 0
numerical simulation, 70T 0.430m /" C and or =~21mV/ C.
The characteristic temperature coefficient of threshold current
density was extracted from the measurements, as differ for every
type of laser diode (T, = 113°C).

The maximum power conversion efficiency (PCF) is expressed
as (Ma and Zhong, 2007; Kanskar et al., 2003):

V
Mecr,,, = nextV_F(l_Z\ﬁ Rs Ith /Vbe)
be

(©)

where VF is the quasi-Fermi level difference, and Vbe is the overall
built- in voltage. In order to calculate the slope efficiency of the
device, light power output versus current at different temperatures

dP
were recorded. The slope of ( di )T above threshold (stimulated
emission), converted to the external differential quantum

efficiency Mex: , was calculated and drawn at each temperature. The

dependence of Mlext on the temperature from this plot, for the device
under test, was found to be of the form:

Hon (T) = (1.77Heoc)exp[—.(;;ég)ﬂ

(10

Provided that T is in °C. This formula is numerically obtained for the
experimental variation of the external differential quantum efficiency
with temperature with curve fitting tool in Matlab provided that R-
square of the fitting is nearly equal one. This equation differs
slightly with the equation given by (Suchalkin et al., 2002).
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Figure 1. CW power output and wall-plug efficiency at a controlled temperature of 16°C.

Power conversion efficiency is temperature dependent through the
dependence of all parameters given in Equation (9) on temperature,

in other words, MecF s temperature dependent as will be shown
later.

The next step is to find the modal gain from the threshold condition
which can be stated as:

R.exp {(FG ™ ) L} =1 (11)

where R is the facet power reflectivity, I" the confinement factor, G
the material gain, ot is the total loss, and L is the laser cavity
length. The material gain G is sufficiently small when the total loss

%ot js to be estimated from the low energy side of the modal gain
spectra (Suchalkin et al., 2002), that is:

g=IG-a, (12)

9= (13)

1
{am = (tj In(R)}
Subtracting the mirror loss am, from the total
loss gives the internal loss. The temperature increase of %ot s the
issue of this work. The coefficient of gain saturation had been
neglected in the calculations, since it has a minor effect on the high
power output of the device.

RESULTS AND DISCUSSION

In order to get a full understanding of the HPL
characteristics, the power and wall-plug efficiency versus
the input current are shown in Figure 1, provided that the
temperature was controlled at 16°C. This experimental
plot was recorded while maintaining the driving in control
circuit with accuracy around +0.1A. The power was
obtained just over 2W without any kink or thermal
runaway to ensure linear operation and without mode
hopping. At this power level, wall-plug efficiency can be
estimated with good accuracy.

Wall-plug efficiency increases with the input current
and reaches its maximum value at a current value of
(8A). This available power output and high efficiency
were all due the coolant instrument applied to the HPL
mount.

The parameters that have an impact on the power
conversion efficiency (Equation (2) is %= and the quasi-

Fermi separation Ve (it can be determined from the lasing
wavelength), in addition to their dependence on
temperature, they are affected by the input power as
shown in Figure 2. The wavelength had been recorded
with a high stability in driving current and temperature.
The wavelength was recorded by the monochromator
with a wavelength step of 0.1 nm. The assumption of that

F
the quasi-Fermi separation Vi to be consistent with the
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Figure 2. The ratio of quasi-Fermi level difference to the overall built- in voltage as a function

of input power of HPL.

clamping of the carrier density to its threshold value when
the stimulated emission was reached (gain = losses). The
usual measurements are to record the spectra of laser
diode above threshold and driving with the laser diode
with pulses of low duty cycle to reduce the heating effect.
Mechanical chopper is used to chop the laser beam. The
detector was integrated with preamplifier and lock-in
amplifier with reference frequency from the chopper.

As can be seen from the plot that, the quasi-Fermi
separation and the built-in potential equals each other
before applying any current to the HPL device, and the
ratio decreases rapidly and reaches its maximum
decrease after threshold current had been reached.
Figure 3 shows the influence of temperature on the
power dissipation in the laser given by the Equation 4.

The evaluation of power dissipation in the laser was
calculated by taking into account the dependence of the
terms given in Equation 4 on the temperature, especially
threshold current, slope efficiency, and series resistance,
as stated in the above. As can be seem from the graph,
the power dissipation is high at elevated temperature.

The wall-plug efficiency, as stated above, is mainly
dependent on the internal loss mechanism of the high
power laser diode. The input power that is not converted
to light output power is considered as wasted power
(heat). This heat has to be removed from the laser
mount, otherwise, more power must be added to

overcome the losses, and hence the junction temperature
will rise and ultimately shorten lifetime of the laser diode
(Williamson and Kanskar, 2004).

The temperature rise in the active region of the HPL
when the temperature control was stabilized only by the
TEC is found to be very high as given in the following
Figure 4. This temperature rise was calculated from
power dissipation and thermal resistance as a function of
temperature at different operating currents, Equations 4
to 7, and taking into account Fourier's law of heat
conduction for the heat sink temperature calculations.
This rise can be very crucial on the lifetime and power
conversion efficiency of the HPL and hence on the wall-
plug efficiency. The figure also illustrates the need for
more efficient temperature control, for example cascaded
TEC, good thermal interface materials.

The variation of thermal resistance with optical power
output is shown in Figure 5. Light output above threshold
is expressed as in Equation 2 and it is temperature
dependent and a self-consistent numerical simulation

T

was applied to obtain the two characteristics T° and .
The thermal resistance values for our device which was
cooled actively were found and plotted as a function of
power output, taking into account the variation of slope
efficiency and threshold current with temperature. The
line was drawn as a theoretical fit for the experimental
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Figure 3. The power dissipation dependence on both the driving current and the temperature of
the heat sink.
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Figure 4. Temperature rise of the HPL active region as a function of heat sink temperature control with
TEC at different operating currents.
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Figure 5. Thermal resistance of the HPL with optical power output. Solid line represents the

theoretical simulation.

data. Thermal resistance high increase will have an
impact on the wall-plug efficiency of the device, as will be
shown.

The band gap energy of the semiconductor lasers
variation with temperature follows the Varshni relation
(Sze, 1985), which indicates quadratic temperature
dependence, and this dependence has to be included in
our calculations as well. The other effect that has to be
included is the wavelength-shift with temperature.

To study the power conversion efficiency of the HPL as
a function of temperature, Equation 8, we have to
consider the terms given by this equation as temperature
variables, that is, threshold current, external differential
guantum efficiency, overall built- in voltage, and series
resistance. Figure 6 shows the power conversion
efficiency as a function of temperature. The plot shows
that overall built- in voltage, series resistance and
external differential quantum efficiency are the most
effective parameters on this efficiency when they are
considered to be as temperature dependent or not. The
efficiency drops out to 50% when these parameters were
taken as temperature dependence, provided that the BLD
was stabilized efficiently to overcome the active
temperature rise.

The reliable operation of HPL with improvement power

conversion efficiency requires high T, and T, in order to
suppress the dependence on the temperature of the
series resistance, built-in voltage, and external differential
quantum efficiency. In addition, the decrease of series
resistance leads the increase in the electrical-to-optical
conversion. The influence of series resistance has to be
considered in any design of the HPL.

Now, the effect of temperature on the characteristics of
the HPL especially that can influence the wall-plug
efficiency variation with temperature will be studied

thoroughly. The slope efficiency in conjunction with Next,
and the internal loss had to be evaluated with
temperature variations in order that the wall-plug
efficiency and its variation with temperature need to be
asserted. The slope efficiency as a function of
temperature is shown in Figure 7.

The decrease of Mstope with the temperature is due to

the increase of internal loss, loss of carriers over the
heterobarriers, and nonradiative recombination (C.F.
Equations 4 and 5). The thermal carrier loss mechanism
can be combined with gain measurement and calculation
(Jian and Summers, 2010).

As stated above that the internal loss increases with
temperature due to many mechanism influenced by the
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Figure 7. Slope efficiency of HPL variation with temperature.

temperature rise and their effects became pronounced. in Figure 8. Low internal loss increases external quantum
The internal loss increment with temperature is illustrated efficiency, it is the low series resistance &= , and hence,
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Figure 8. Dependence of internal loss on the temperature of the HPL.

the low forward voltage of these devices, that enables the
relatively high CW output powers (Equation 1).

The important parameter of the HPL is the wall-plug
efficiency, and hence its dependence on the operating
temperature. Wall-plug efficiency calculation had been
found to decrease with temperature, as can be seen from
Figure 9. This efficiency of the high power laser diodes is
a collection of over-all efficiency of the device and gives
the exact picture of the characteristics parameters. The

efficiency TlpcF can be written as:
Npece = N1-MN2-MN3-MNy (13)

where "1 accounts for laser diode efficiency, "z for the
excess voltage ratio, 2 accounts for pumping carrier loss,
and "+ for total loss (internal loss + mirror loss). The
impact of temperature on the wall-plug efficiency can be
interpreted by many factors, carrier leakage and
nonradiative recombination for lowering the value of 1.
The second stands for the excess voltage loss. The third
term accounts the material quality (series resistance,
structure). The last term is the internal waveguide optical
loss.

To focus on TPCF to be dependent on the HPL device
parameters, we can draw the following assumptions

because, all the efficiency terms are interrelated; the

laser diode efficiency P H =1, the TrcF can be further
elaborated as:

Mpce =

m[lj
) 2
VUp'IDp+RS'IDp X R

7 h
Ith'ﬂext'£+ Iop (Vop _next'£)+ Rslozp 2aiml-+ In(l)
q q (14)
The maximum

obtainable wall-plug efficiency is

formulated as in Equation 9. The maximum value of "7
is mainly dependent on the operating current and the
parasitic device parameters. The series resistance can
be decreased by increasing the length of the cavity and in
turn lowering the threshold gain. It also implies the
reduction in the forward operating voltage for higher
electrical power efficiency. The conventional approach to
determine the current injection efficiency is in the above
threshold regime, using a cavity length analysis (Coldren
and Corzine, 1995).

Conclusions

The wall-plug efficiency (WPE) of HPL had been



370 Int. J. Phys. Sci.

12.2

12

11.8

-
=y
o

Wall-plug efficiency (%)
[ =

1"

10.8

10.6 1 1 1 1

|

20 2 24 26 28

30
Temperature °C

32 34 36 38 40

Figure 9. Variation of wall-plug efficiency with temperature.

studied in association with temperature rise and
interpreted in terms of the parametric dependence of the
device for the optimization for high power output. The
main reasons for the decrease of the WPE are the
excess voltage loss and internal waveguide optical loss.
These effects may help for optimization of the most
efficient device for high power output even though there
is a trade-off between these factors.
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