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Abstract. Diode laser is very efficient in medical applications, especially in photodynamic therapy (PDT), a
type of laser phototherapy. Conventional laser diodes are classified as low-power lasers emitting radiation with
a power of 10s-mW. Extending the laser diode to further applications requires enhancing the radiated power.
In this theoretical research, we aim to optimize the laser diode's continuous-wave (CW) parameters that control
the light-current (L-1) characteristics toward achieving higher slope efficiency and output power. The study is
based on a numerical solution of the rate equations and evaluation of the steady state value of the emitted power,
which is then used in the relationships among the total slope efficiency, differential quantum efficiency,
threshold current, and emitted power. The numerical calculations indicated that power in the range of 100s-
mW is predicted by designing the laser to a short cavity with an anti-reflecting front facet (~1%), a high-
reflecting back facet (~99%), lower internal loss (100m-1), and large optical confinement (30%). Therefore, the
outcome of this study is to offer a guide for designing a high-power laser diode for use in PDT.
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1. Introduction

In the twentieth century, lasers were one of the most important inventions. They have found
numerous uses in daily life and industry. They are found in reading bar codes, compact discs,
laser pointers for position and motion control, computer printers and mouse, holography, optical
communications, and processing of material. Lasers are also used in chemistry and
spectroscopy to identify materials. High-power lasers can be used to cut metal and in military
systems (M. Further, in medical applications, lasers are faster and less invasive and are highly
precise, therefore they have penetrated most medical disciplines, like ophthalmology,
dermatology, dentistry, otolaryngology, urology, gastroenterology, cardiology, gynecology,
neurosurgery and orthopedics 21, Many diseases are now treated and diagnosed with the aid of
lasers. One excellent illustration of how a movement can improve healthcare is medical lasers
21 Among all the types of lasers used in medical applications, the semiconductor laser has
several advantages, including the ability to be pumped directly by an electrical current, its high
efficiency, its long lifetime, its small size, its ease of connection to optical fibers, and its low
cost, its light can be generated in a wide spectrum range; it is tunable [3 451,

A common use of lasers in medicine is photodynamic treatment (PDT), in which laser
radiation and biological tissue interact with each other through a process known as
photochemistry 2. Precancerous lesions and superficial tumors are frequently treated with
PDT. Three components work together to selectively destroy the target tumor in photodynamic
therapy (PDT): light with a certain wavelength, molecules of oxygen, and compounds known
as photosensitizers (PS). Since PDT is a non-invasive, non-thermal, and non-ionized (or non-
toxic) cancer treatment, it can be repeated. Additionally, because the type of tumor determines
which type of photosensitizer to utilize, PDT has a high degree of tumor selectivity 1. Since
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lasers can be attached to optical fibers to reach remote positions and reduce the scatter of light,
they are preferred in PDT. They produce high intensity coherent monochromatic collimated
light with a forward scattering behavior, which leads to a tissue penetration depth higher than
non-coherent light (1. Four types of lasers can be employed in PDT: semiconductor lasers,
solid-state lasers like Nd: YAG lasers, metal vapor pumped lasers like copper vapor lasers, and
argon pumped lasers. The complicated, large, and costly laser systems of the past have been
replaced by the affordable, dependable, compact, and easy-to-use laser diode [,

Because of their extensive use as solid-state laser pumps and their vast range of direct
applications, semiconductor lasers rank among the most significant groups of lasers in use
today[%. A direct bandgap semiconductor serves as the gain medium in semiconductor lasers.
A Fabry-Perot (FP) cavity made of cleaved facets is used to get optical feedback, and dielectric
waveguiding is used to accomplish mode confinement. In order to pump energy, current is
injected into the active area. A photon that has energy equal to the band gap energy can be
released by an excited electron in a semiconductor when it recombines with a positive charge
(hole) in the valence band. At a wavelength of 805 nm, AlGaAs diodes are commonly found in
commercial products. Obtainable wavelengths range from ultraviolet to infrared. When the
optical gain in the laser cavity balances the cavity losses, which include the internal loss and
losses at the facet mirrors, the lasing process begins >, The gain, which regulates the laser
output's power and spectrum distribution, is no longer a linear function of the injected carrier
density over the threshold level. Rather, intraband relaxation processes of the charge carriers
2] which cause spectral-hole burning and carrier heating (31, clamp or suppress gain below the
threshold gain. A semiconductor laser's dynamics and light-output (L-1) properties are
ascertained by solving a system of rate equations that take into account all of the mechanisms
by which photons and carriers are added to or discarded from the active area. Important
components that are incorporated in the rate equations include the cavity photon density,
photon lifetime, gain coefficient, gain suppression, and confinement of the oscillating modes
into the active region field %31,

The poor light penetration depth through the tissue is PDT's main problem [©814171 Dye
to this restriction, PDT can only be used to treat superficial lesions; deeper tumors must be
treated with an interstitial PDT 4. As a result, a powerful laser beam is needed for the effective
use of PDT 781 According to Lim, the PDT laser system's output varies from 10 to 300 mW
based on the duration of exposurel*®l. The range of 50—-150 mW for laser's power was reported
by Fuchs et al.'"] as power increases, so does penetration depth. To increase the penetration
depth in tissues, PDT requires the effective employment of semiconductor lasers that emit in
the CW mode at a power of 100s-mW. CW laser diodes of various strengths are used in
numerous PDT preclinical research, including in vitro 223 and in vivo 4?61, The output power
in each of these studies falls between 40 and 300 mW.

In general, laser diodes are categorized as low-power lasers since they only produce light
with a few 10s-mW of power. Increasing the output power to 100s-mW or even the watt-class
Is necessary to expand the use of the laser diode. Asymmetric heterostructures with an ultrawide
waveguide?”l, asymmetric separate confinement heterostructure (SCH) multiple-quantum-well
lasers!?®l, erbium-doped fiber amplifiers (EDFAs)?°!, and fiber-couples laser diodes % are
examples of special structures that have been used to increase laser power.

The task of reaching 100 milliwatts of output power necessitates improving the overall
slope efficiency of the L-1 characteristics, which is contingent upon the gain medium and
structure parameters. This work aims to theoretically provide a guide for designing a
semiconductor laser with a conventional, cost-effective structure that can emit CW with a power
of 100 mW for use in PDT. This will help overcome the limited penetration depth and improve
the deep-level therapeutic effect of the cancer treatment. We seek for parameters that govern
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the (L-1) characteristics and give a basic theoretical examination of the laser diode power. The
study's methodology involves solving the rate equations numerically, calculating the emission
power's steady state value, and applying that value to the relationships between the emission
power, threshold current, differential quantum efficiency, and slope efficiency. We demonstrate
that the use of an anti-reflecting front facet, a high-reflecting back facet, and a cavity with short
length and with good optical confinement and low internal loss may forecast powers in the
range of 100s-mW.

2. Modeling of CW Laser Output

The static and dynamic characteristics of laser diodes are commonly simulated by solving
the standard rate equations which represent time transformation of photons number S(t) and
carriers number N(t) injected into the laser cavity. At a given injection current (I), these rate
equations are given in terms of the laser parameters asl:
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where G(N,S) is the optical gain coefficient and is expressed by nonlinear form as the

following:
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Laser parameters contained in the above equations are defined as follows:

GN,S) = ®)
I': confinement factor of the mode energy contained in the active region

go: slope of a linear relation of linear gain versus carrier number, or tangential gain

V: active region volume

Ng: number of electrons at transparency

€. coefficient of gain suppression

Tp: lifetime of photon

Bsp: factor of spontaneous emission

T lifetime of electron due to spontaneous emission
e: charge of electron

In the rate equation of photon eq. (1), the first term I'GS is the rate of increase the photon
density due to stimulated emission. The confinement factor I" accounts for the gain reduction
that occurs because of the spreading of the optical mode beyond the active region. While the
second term is the rate of photons that lost in the cavity, including the internal and mirrors loss,
manifested as the photon decay time constant (tp), the third term is the spontaneous emission
contribution from the carrier radiative recombination into the laser mode. On the other hand,
the first term on the right side of the rate equation of carrier eq. (2) is the injected carrier rate
(I/e), the second term is the rate of carrier depletion due to all processes of recombination
(expressed by the electron decay time (t.)) and the third term is the carrier reduction because
of stimulated emission, which is proportional to the photon density and medium gain.

The Egs. (1) and (2) can be solved numerically. In this case, the solution reveals the laser
transients in which the laser shoes relaxation oscillations followed by a steady state in which
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the number of photons (S) and carriers (N) remain constant, So and No, respectively. The front
facet emitted power (P¢) in terms of the number of photons is given as

_ (-RRs
P = (\/R_f+\/R_b)f(1—jW) Vg Amhv S 4)

where

Am = 57 In (Rf_Rb) ®)

is the mirror loss and describe the radiation escaping from cavity because of finite facet
reflectivities Ry and Ry, at the front and back facets, respectively, and L is the length of the
active region. The combination of mirror loss a,, and internal loss «; induced by free-carrier
absorption, scattering, and other possible mechanisms, such as Auger recombination, defines
the laser gain at threshold

1
Gen = ; =Ty (ai + am) (6)

where T, is the lifetime of photon, and v, = ¢/n is the group velocity, n is the effective refractive

index and c is the light speed in free space. The threshold current (I,;,) is determined from the
level of G, as

Ith = eNtn = i (Ng + ;) — i (Ng _|_ vg(ai"'am)) (7)
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where the approximation of Eq. (3), G, = %(Nm — Ng) was used. At current injections far
beyond the threshold level (I,;,), the power value (P) at a given current (I) can be approximated

ast:
h
P = jUTld(I —Itn) (8)
where

rate of photon escape out of cavity (vgam) m

=1

(9)

is the laser differential quantum efficiency, h is the constant of Planck, v is the frequency of
laser output, and I, is the value of current at threshold.

Na = rate of photon generation (I/Tp) L a;+am

Equation (8) describes the linear part of the so-called “light versus current (L-I)
characteristics” of the laser in which the stimulated emission takes over the laser output. The
L-1 curve is an important characteristic of any laser diode, because it determines the amount of
emitted power at a given injection level. The slope of this linear curve is called the total slope
efficiency (Sior)

Stor = o4 = () G52 (10)

e ai+am

where n; is the internal quantum efficiency, it describes the number of photons generated inside
the cavity for each injected carrier®2. For most semiconductor lasers, n; is almost 100%.

3. Methodology of Increase Laser Power

The Egs. (1) and (2) are numerically solved by the 4" order Runge-Kutta algorithm. and
the steady state values So and Noof S and N are evaluated.
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Equation (8) indicates that to increase the emitted power P, it is required to (1) increase
the differential quantum efficiency ng4 and consequently the slope efficiency S;.:, and/or (2)
increase the injection level I far beyond the threshold current I,.

As indicated in equation (9), for lasers emitting at wavelength of 1um, the value of hv/e
is 1.246 mW/mA which represents the maximum value of S, because ni < 100%, and —2— < 1.

(l1+0(m
Thus, the increase in the S, value is related to increase the mirror loss «,,, and/or decrease the
internal loss a;. If the loss is too high, photons will escape from the laser cavity too quickly and
will not be sufficiently amplified. However, if the loss is too low, most photons will circulate
within the cavity rather than being emitted as output. Therefore, reasonably increasing the
mirror loss can help find the optimal balance between gain and output power. Referring to
equation (5), the increase in mirror loss ay, is produced by reducing the active region length L
and/ or reducing the facet reflectivities product R¢R},. The latter can be achieved by using an
anti-reflecting coating on the front facet, R1~0.01, while the back facet reflectivity can be
designed with conventional reflectivity, R>~0.33.

On the other hand, reducing the threshold current I, requires reducing both mirror loss
a,, and internal loss «;, and increasing the confinement factor I' for the same amplifying
semiconductor material.

In the following section, we present results on increasing the slope efficiency S, and
reducing the threshold current I,;,as well as results on the L-I characteristics for >100 mW laser
diodes proposed to medical applications.

4. Results and Discussions
4.1 Slope Efficiency

The slope efficiency Stot is describes as a growing ratio in light intensity or output power
AP to the growing in input injection current AI. We seek the optimum parameters values that
match to high values of slope efficiency Swt. We studied the effect of the length (L), internal
loss (o;) and back facet reflectivity (Rp). Table 1 lists the numerical values of the InGaAs laser's
parameters utilized in computations.

Table 1. Fortran program’s input parameters of 1um-InGaAs laser.

Symbol Meaning Value
d Thickness 0.1 pm
w Width 5um
i Quantum efficiency 100%
A Wavelength 1pum
Vg Group velocity 8.5x10” m/s
go Gain coefficient 2.5 %1020 m?
r Confinement factor 0.2
Te Spontaneous emission 1ns

factor

Ng Carrier density 1x10% m3

Figures 1(a) and (b) plot variation of St with length L (100~600 pum) at different levels
of internal loss o; (100, 500 and 1000 m™) when using R = 0.01, Rp = 0.99, and at different
values of Rr using Rp = 0.99 and o; =100 m™, respectively. Figure 1(a) shows that at each value
of a;, Stot is reduced almost linearly with the increase of length L, and the slope of this reduction
increases with the increase of a;. At a specific layer length L, St is enhanced by reducing the
internal loss a;. The maximum value is then obtained at the smallest values of both L and «;.In
the same manner, Fig. 1(b) shows that at each value of Rt, St is slightly reduced with the



70 Fatima AL-Shaikh et al.

increase of length L. Ata specific layer length L, Stot is enhanced with reducing facet reflectivity
Ry, and the maximum value is then obtained at the smallest values of both L and Ry.
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Fig. 1. Effect of cavity length (L) on slope efficiency (Stot): (a) at different values of a; with Rfand Rb kept constant,
and (b) at different values of Rf with a; and Rb kept constant.

4.2 Threshold Current

It is obvious from equation (7) that reducing the threshold current I for the same
amplifying semiconductor could be achieved by reducing both mirror loss a,and internal loss
a;, and increasing the confinement factor T'. In Fig. 2(a) and (b), we plot the values of I that
correspond to the results of the slope efficiency St in Fig. 1(a) and (b), respectively. Figure
2(a) shows that when R = 0.01, Rp = 0.99, It increases linearly with the increase of length L
for the three relevant values of internal loss «;, and the slope of variation increases with the
increase of a;. The lowest values of I are around 0.047A and are obtained for the shortest
length of L = 100um. On the other hand, Fig. 2(b) that corresponds to R, = 0.99 and a;= 100
m-* shows that the threshold current It could be reduced further to less than 0.02A by designing
a front facet with higher reflectivity Rs. However, the latter choice may correspond to lower
output power. Nevertheless, we will study below influence of these parameters on the L-I
characteristics and examine the amount of power emitted.
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Fig. 2. Effect of cavity length (L) on threshold current (l): (a) at different values of (a;) with Rf and Rb kept constant,
and (b) at different values of Rf with (a;) and Rb kept constant.

The reduction of threshold current It with the rise of the confinement factor I' is illustrated
in Fig. 3 for parameters yielding maximum slope efficiency St (R=0.01, Rp=0.99, a;=100m™*
and L=100um). The figure shows that I drops from 0.16 A to 0.03 A with the increase of '
from 0.05 to 0.4.

4.3 Light-Current (L-1) Characteristics

In this work, we examined how the parameters controlling the laser's output power Ps;
namely, L, Ry, a; and I, on the characteristics of L-I curve of the laser diode under investigation.
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We aim to find the optimum values of these parameters that correspond to power levels
exceeding 100mW.
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Fig. 3. Variation of It with the confinement factor I' when Rf=0.01, Rb=0.99, a;=100m* and L=100pm.

The characteristics of a semiconductor laser's emission are characterized by the (L-I)
curve, which shows both the threshold level and the current required to achieve a certain power
output. Figure 4(a) plots the L-I characteristics for three cavity lengths of L = 100, 300 and
500um, when the other parameters are set to be Rt=0.01, Rp=0.33, o; = 100m™* and I' =0.2. The
figure reveals that the slope of the linear relation between Pr and | decrease with the increase of
length L, whereas the intercept with the current axis, or the threshold current Is, increases with
the increase of L. These outcomes are in line with those of Fig. 1(a) and 2(a). Under these
conditions, the power reaches P=150mW when 1=73.5, 76 and 78.5mA when L = 100, 300 and
500um, respectively. On the other hand, we plot variations of the L-1 characteristics with the
internal loss o; when Rf=0.01, Rp=0.33, L=100um and I =0.2 in Fig. 4(b). The figure indicates
small reduction of the slope Siot with the increase of a;, while the threshold current is subject to
minor changes, as indicated in Fig. 1(a) and 2(a).
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Fig. 4. L-1 curve under (a) different cavity lengths, and (b) different internal loss, when Rf=0.01, Rb=0.33, a;=100m*
and I =0.2.
The L-1 curve is temperature dependent and the laser performance degrades at high
temperatures, where a part of the overall current may not flow through the active region in the
form of a leakage current. So, Eq. (8) would be modified to:

hv
Py = ?Tld(l — Iep — AlL)

where A}, represents the possible growth in the leakage current with the current I. The greatest
power that these lasers can produce when operating in (CW) at room temperature is constrained
by a thermal runaway process, which causes an increase in internal temperature as extra current
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is needed to counteract the influence of the rising temperature. As a result, using a built-in
thermoelectric cooler to regulate their temperature is frequently essential. The L-1 curve's slope
efficiency is not always constant in practice, and for large values of I, the output power
saturates. This might occur as a result of an increase in leakage current with I, which would
reduce the amount of device current that injects carriers into the active layer. One potential
explanation could be junction heating, which could lead to a decrease in the time of carrier
recombination te as the laser power rises. One possible explanation for the decline in te could
be Auger recombination, which rises sharply with temperature. Throughout the 1990s[33-3%],
Distributed Feedback (DFB) lasers saw significant improvements in their thermal
performancel®3-%, For instance, utilizing a strained Multi-Quantum Well (MQW) architecture,
DFB lasers with power outputs more than 100 mW at ambient temperature were created 31,
This paper is not intended to study these thermal impacts on the L-I characteristics; a
comprehensive description of the gain and loss dependence on temperature is needed. The
current model seems adequate as long as the current stays below the saturation limit and as long
as we are searching for assistance to help optimize the laser parameters in order to achieve high
power emission, despite the major impact of these thermal effects. Future research will look at
how this investigation's findings were impacted by temperature.

In Fig. 5, we examine the influence of the power reflectivity Ry on the L-I characteristics
of the laser, while keeping the power reflectivity at the front facet at R+=0.01. As shown in the
figure, the slope Sit improves, and the threshold current I decreases with increasing the
reflectivity Ry from 0.33 to 0.99. This effect manifests as reducing the current required to
achieve power of P=200mW from 0.96 to 0.86A with the increase of reflectivity Rz from 0.33
to 0.99. In other words, applying an anti-reflection coating to the front facet lowers its
reflectivity, while applying a high-reflection coating to the back facet increases the output
power from the facet.

Also, injection level of, for example, | = 0.7A results in emitted power of P+=141 and
160mW when R: increases from 0.33 and 0.99 respectively.
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Fig. 5. Influence of the power reflectivity Rb at the back facet on the L-I characteristics of the laser, while keeping the
Rf=0.01. Other parameters are set to be L=100um, o; = 100m™ and I =0.2

The influence of the confinement factor I on the L-I characteristics is plotted in Fig. 6
when the laser parameters are kept at R=0.01, R,=0.99, L=100um and o;= 100m™. It is
interesting to notice that the increase in the value of I results in a dramatic increase in the slope
Stot associated with noticeable reduction of the threshold current Iw. Although the slope
efficiency St does not depend explicitly on T' as seen in equation (10), the shown variation
originates from the calculations of the power Ps via the original equation (4) rather than the
approximated one (8). The figure indicates that a power level of P+=300mW is predicted at a
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current level of I=845mA when I =0.3, while this current results in power of Ps=195 and 92mW
when T decreases to 0.2 and 0.1, respectively.
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Fig. 6. Influence of the confinement factor T on the L-I characteristics of the laser. The parameters of the laser are set
to be Rf=0.01, Rb=0.99, L=100um and o; = 100m,

The above analysis indicated that the optimum values of the parameters that yield output
power in the range of Pr=100~300mW are Rsas low as 0.01, Ry as high as 0.99, L as short as
100pm, «; as small as 100m™, and T > 0.2. It is then interesting to compare the L-I
characteristics predicted by these optimum parameters with those of the laser when using the
corresponding conventional values of these parameters. The comparison is plotted in Fig.7,
which exhibits dramatic improvement in the slope efficiency Siot from 96.6 to 368.9 mW/mA
and reduction of the threshold current I from 52 to 36 mA. The maximum achievable power
for the conventional laser is 90mW when the current is 1A, however, this power rises to 360mW
for the optimum laser.
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Fig. 7. L-1 curves of both the optimized laser and conventional laser of 1-um InGaAs laser diodes.

High-power 635-690 nm laser diodes are frequently utilized in PDT. It is worthwhile to
demonstrate how the current model is used to forecast the optimum L-1 properties of these
lasers. We apply the following values of the InGaN laser parameters. go = 1.62x102° m?, Ng =
1.43 x 105 m3, vg = 1.14x108 m/s, 1e = 2 ns, € =1.9x10% and A=650 nm B7381, Plotting the L-I
characteristics with optimum parameters (Ri=0.01, Rs=0.99, L=120um, ;=100m™, and I'=0.3)
for both the conventional semiconductor laser and the laser is shown in Fig. 8. The graph shows
that the slope efficiency increased from 753 mA to 1904 mW/mA, while the threshold current
decreased from I, = 200 mA to 80 mA. This slope efficiency value is considerably greater than
the InGaAs laser value in Fig. 7. As revealed in both figures, the InGaN laser has an output
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power of 610 mW at currents of | = 1A, which is greater than the AlGaAs laser's 90 mW
equivalent power.

1000

—— Optimum laser
=0.3, R=0.01

R,=0.99, 0;=100m,

800 J|L=120um

Conventional laser
r=0.2, R=0.33

R,=0.33, 0,;=1000m*,
600 4 [L=300um

900 +

700 +

500 +

400

300 +

Output power P; (mW)

200 +

100 A

O T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Current I, (mA)

Fig. 8. L-1 curves of both the optimized laser and conventional laser of 650-nm InGaN laser diodes.

For practical implications of facet reflectivities and internal loss parameters, Kasukawa
et al. reported achieving output power as high as 360 mW from the front facet of a 1480-nm
laser diode for EDFA pumping using front-facet reflectivity of 5% and back-facet reflectivity
of 95%[?°, The internal loss was reduced effectively by introducing a quantum-well structure,
which assisted to provide low threshold current and high differential quantum efficiency
operation. Furthermore, seeking a laser diode with output power reaching 2W for use in material
processing and pumping lasers, Gai et al.l* reduced the internal loss to 0.8 cm™ by designing
an asymmetric broad waveguide structure based on the fact that the optical absorption in n-type
semiconductor materials is lower than that in p-type semiconductor materials“’l. The laser
diodes were designed with 5% anti-refection coating on the front facet and 95% high-refection
coating on the rear. Such asymmetric structure provides effective carrier confinement.

It is worth mentioning that the characteristics of the semiconductor laser are affected by
gain suppression which appears in Eq. (3) as (1 + €S)™1 , that describes the gain suppression
at high powers. Usually, this gain suppression is less than 1 % and has a slight impact on the L-
| characteristics. The inclusion of this gain suppression into the rate equations is important and
useful to describe the dynamics of the laser, such as modulation and noise 34441 Although
the physical processes that contribute to gain nonlinearities are not completely understood, it
has been shown that carrier heating, two-photon absorption, and spatial and spectral hole
burning are phenomena responsible for nonlinear gaint*5461,

5. Conclusions

We determined on scaling the laser design parameters that yield power emitted in the
range of hundreds milliwatt for applied in medical applications, such as photodynamic therapy.
The optimum evaluation of these parameters includes values of the front facet reflectivity as
low as 0.01, and the back facet reflectivity as high as 0.99, length of cavity as short as 100um,
internal loss as small as 100m, and confinement factor greater than 0.2. These parameters were
discovered to reduce the threshold current and optimize the laser's total slope efficiency.
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