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The Effect of Cladding Layer Thickness on Large
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Abstract—The reduction in penetration of the optical mode into  opens up the possibility of reducing the cladding-layer thick-
the cladding layers in large optical cavity (LOC) laser structures ness, thereby reducing the electrical and thermal resistance. In
offers the possibility of reducing the cladding-layer thickness. This addition to the need to maintain coupling of the optical mode

could be particularly beneficial in GalnP—AlGalnP high-power S
devices by reducing the thermal impedance and the electrical to the quantum wells, there are two further factors which limit

series resistance. We have designed and characterized 650-nnthe extent to which the cladding thickness can be reduced. The
LOC lasers by modeling the optical loss due to incomplete confine- first is the leakage of the mode into the absorbing GaAs contact
ment of the optical mode by the cladding layers and calculating |ayer and substrate, increasing the gain requirement and hence
the thermally activated leakage current. This indicated that the the intrinsic threshold current. The second is the thermally ac-

cladding thickness could be reduced to 0.5:m without adversely . L .
affecting performance. We investigated devices with 0.3-, 0.5-, tivated leakage current, which in GalnP-based lasers is due to

and 1-um-wide cladding layers. The measured optical mode loss drift and diffusion of electrons through the p-cladding layer.

of the 0.3 um-wide cladding device was 36.2 cm' compared The leakage current increases as the cladding thickness is re-
with 12.4 and 11.3 cnt* for the 0.5- and 1 um-wide cladding  duced, increasing the threshold current, which could cause an
samples, respectively. The threshold current densities of the 0.5-j,rea56 in power dissipation and increased internal temperature

and 1.04+m devices were similar over the temperature range . . . .
investigated (120-320 K), whereas the 0.3:m devi(F:)es had signig- rise, negating the benefits of the reduced thermal impedance. In

cantly higher threshold current density. We show that this can be this paper, we investigate the interplay of these effects by ana-
attributed to the higher optical loss and increased leakage current lyzing the performance of LOC structures with three different
through the thin cladding layer. The intrinsic gain characteristics  yalues of cladding-layer thickness 0.3, 0.5, ang.

were the same in all the devices, irrespective of the cladding-layer We begin by describing, in Section II, the design of the

thickness. The measured thermal impedance of 2-mm-long devicesI devi includi lculati f the effect of red d
was reduced from 30.7 to 22.3 K/W by reducing the cladding aser devices, Including caiculatons or the efiect or reduce

thickness from 1 to 0.5um. Our results show that this can be cladding-layer thickness on optical mode loss and thermally

achieved without detriment to the threshold characteristics. activated leakage current. In Section lll, we describe results of
measurements of threshold current, optical mode loss, optical
I. INTRODUCTION gain, and thermal impedance of devices with 0.3 -, 0.5-, and

_-pm cladding thickness. These results show that a reduction in
length range of 630-690 nm are required for a numb ermal impedance can be achieved with a cladding thickness

of applications, including photodynamic therapy and read/wri 05 pm. However, although further reduction probably
optical storage systems. Unfortunately p-doped AlGalnP hadg°urs f(_)r a th|ckn_ess of 0.3m, the threshold curre_znt of these
large electrical resistivity due to incomplete activation of thgevu_:es is greatly increased due to increased optical mode loss
dopant [1], low hole mobility [2], and a relatively poor thermala”d increased leakage current.
conductivity [3]. These properties exacerbate the thermal man-
agement problems associated with high power lasers. However,
the reduction in penetration of the optical mode into the cladding The active region of the devices consisted of three 45 -A
layers which occurs in large optical cavity (LOC) structures [4}ide, compressively strained, Galng ssP quantum wells
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TABLE | TABLE 1
CALCULATED VALUES OF THEATTENUATION COEFFICIENT FORSTRUCTURES MATERIAL PARAMETERS (Al 7 Gay 3)INg 51 Py 49 USED IN THE
WITH DIFFERENT CLADDING LAYER THICKNESS LEAKAGE CALCULATION
Cladding layer thickness / um Loss / cm mode 1 SYMBOL PARAMETER VALUE UNITS
03 17.8 " Dp Electron diffusion coefficient 439 cm2/s
(1)(5) 0 8070 3 T Temperature 300 K
: = me Density of states (X) electron mass 0.6 _m,
Eg Bandgap (X) 2.26 eV
L my Density of states hole mass 0.35 m,
The refractive indices of the AlGalnP layers were taken from [ L, Minority carrier diffusion length 0.3 pm
- . —— - = Tyt
and those for GaAs from [6]. Using the transfer matrix methot ke - Minority carrier mobility 160 cm’V''s
a total core width of 6300 A was determined by increasing tt__Tenr non-radiative lifetime 2x10-10 s
width until a third guided mode appeared and then reducingt __* Tonised dopant concentration sx1017 om
width by 10% to allow for unintended variation in the width of __*h Majority carrier mobility ! om V7S

the as-grown layers.

Our aim was to reduce the cladding-layer thickness Wh1§ [9]
avoiding leakage of the mode into the absorbing, high ind x]
GaAs p-contact layer and n-GaAs substrate. We calculated the N 3/2

: , mk kT E;—FE.
loss by the transfer matrix approach, assuming that the ou.tle;:eDn2< ot ) <T>
GaAs layers were infinitely thick with a complex refractive
index taking account of the absorption of the material. The {(i—k 1 )1/2c0th<<i+ 1 )1/2 >+ 1 }
remaining layers were assumed to be loss-free. The calculation L2 422 L2 432 ¢ 2z
did not take account of other sources of optical loss such as
interface scattering since these should be the same for differafiere
cladding thicknesses. We calculated the attenuation coefficient electronic charge;
of the mode intensity for cladding-layer thicknesses 0f 0.3,0.5,D,, minority electron diffusion coefficient;
and 1.0 zm. The second guided mode, being the asymmetricm,,, electron mass in the cladding layer;
solution, had negligible overlap with the gain region, and we k Boltzmann constant;
therefore concentrated on the loss values for the first modeZ”  temperature;
given in Table |, which show a significant increase in loss from 7 Planck constant divided kr;
0.0003 to 17.8 cm!, going from the thick to thin cladding E;. energy of the electron quasi-Fermi level,
layer. E. energy of the lowest conduction band edge in the

The calculated values are the loss due to incomplete confine- cladding layer;
ment of the optical mode and in a real device there is additional,,  diffusion length;
loss due to scattering and free carrier absorption. To assess the length characteristic of drift leakage, which is a

significance of the values in Table I, we compared them with function of the total hole current flowing through the
the loss in a typical GalnP—AlGalnP laser with normal cladding p-cladding layet/;,, (z = kTpus,/J), wherep is the
thickness. This loss is made up of the mirror loss and the in- activated dopant concentration apg the majority
ternal optical mode lossy;. For these devices, values®f are carrier mobility).

typically in the range 3-15 cmt (e.g., [7]). Therefore, for a We calculated the leakage current as a function of cladding-layer
550 um-long device, the loss is typicallg30 cnm! (mirror thicknessw, for a fixed optical loss, i.e., the same quasi-Fermi
loss~22 cnT! anda; = 8 cm™1). The loss due to mode level separation and radiative current density. The values of ma-
leakage (Table I) for the 0.5- and;dm-thick cladding samples terial parameters used [9], [10] are given in Table Il. As illus-
are negligible compared with this value, but the pr8-sample trated in the inset of Fig. 1, the energy stépy. — E.) is given
incurs a significant extra loss of 17.8 ¢ The value ofy; may by (E.—AE;—AE,,), whereE, isthe smallestX') band gap
be lower in LOC structures than the typical value above dueitothe cladding layer and E,,,, is the difference between the va-
reduced overlap of the optical mode with the doped claddifgnce band edge and the hole Fermi level in the p-cladding layer
layers [4]. Except for very long devices, the distributed mirrd=£7" 1n( N, /p)], where N, is the effective density of states in
loss is greater than;, and we conclude that the cladding-layethe valence band [11]. Calculated values of leakage current at
thickness can be reduced to 0;8m without incurring signif- 300 K are shown in Fig. 1 for two different quasi-Fermi level
icant addition mode loss, but when the thickness is reducedstparations of 1.910 and 1.922 eV. From the experimental data
0.3 um, the total loss may increase by about 50%. presented in Section III-C, these values correspond to optical
We next consider the increase in thermally activated loBssses of about 18 and 33 crthin our structures (Fig. 5).
of electrons through the p-cladding layer as the cladding The resultsin Fig. 1 show that, for both values of optical loss,
thickness is reduced. This leakage current can be significaimé leakage current remains constant down to a cladding-layer
for GalnP—AlGalnP devices, particularly at high temperaturéisickness of about 0.am, then increases rapidly below about
or for short emission wavelengths [8], [9]. The leakage curre@t3,:m. However, any increase in optical loss due to a reduction
density through the p-cladding layel;, depends upon the in cladding-layer thickness increases the quasi-Fermi level sep-
thickness of the cladding layer,, according to the expression aration, increasing the leakage current more dramatically than
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Fig. 1. Calculated leakage current versus cladding-layer thickness at 3047 2 Threshold current density versus temperature for;5@6ong devices
for a GalnP laser structure. The material parameters are given in Table | Y cladding-layer thicknesses of 03w (circles), 0.5 #m (squares), and
the curves correspond thE,; = 1.910 (lower curve) and 1.922 eV (upper 1-0#m-wide (triangles) cladding-layers thickness.

curve). The inset is a schematic representation of the band structure to illustrate

the determination oF’ ;. — E. from the available data fof,., andA E,, and 0
the input value oAE ;.

suggested by this figure. This is one of the factors to be explore_ -40
in the experimental evaluation of the devices. '
The sensitivity of the leakage current to the cladding thicknes
is dependent on the quality of the material. Itis clear from (1) the
the leakage current is a sensitive function of cladding thicknes
when the diffusion lengtlL,, is less than twice the drift length
z and whenL,, is comparable to the cladding thickness. A
larger sensitivity than we calculated in Fig. 1 would be apparent -120 %
the material was improved so thaandL,, were both increased. 640 680 720 760 800
However, the calculations suggest that for our material th Wavelength / nm
f:laddlng .Iayer can be reduced to Q.LEn without a significant Fig.3. Optical loss measured using the single pass multisection device method
increase in leakage current. We estimate that a further reductigfdamples with cladding layers of Qidn (triangles), 0.5:m (squares), and 1.0
in thickness to 0.3:m would lead to an increase of leakagem (circles). The values af; derived from the measurements are represented
current causing an increase in threshold current of about 1G%ghe wavelength-independent (solid lines).
beyond that expected due to the increase in optical losses alone.

Overall, the calculations predict that the cladding thickne&gyer device because of the higher optical loss. The thermally ac-
can be reduced to about 0.&n without significant change in tivated leakage current develops at lower temperature thanin the
optical loss and carrier leakage. In the following section, waider cladding devices [7], [9] because the larger quasi Fermi-
present an analysis of the performance of devices with claddidgvel separation exacerbates the leakage current. Therd.3-
layer thicknesses of 1.0 , 0.5 , and :81. The material was cladding devices did notlase at room temperature. This behavior
fabricated into 75¢m-wide oxide isolated stripe devices ands broadly as predicted in Section II. The leakage current is dis-
also into multisection devices [12] for measurement of opticapssed in more detail in Section 11I-C.
gain, optical loss, and quasi-Fermi level separation. The lasers
were operated pulsed using a 300—ns-wide pulse with a dL'?ty
cycle of 0.03%. The expected operation of the LOC structuresMeasurements of the optical loss through passive material
was confirmed by measuring the vertical far-field pattern andere made using the single pass, multisection stripe length

cm

Loss /

Optical Loss

comparing it with the calculations. method [12] and the results are plotted as a function of wave-
length in Fig. 3. At short wavelengths the total loss consists
IIl. EXPERIMENTAL RESULTS of modal absorption due to valence band to conduction band

transitions and internal optical mode loss and the onset of this

A. Threshold Current strong absorption indicates the absorption edge of the quantum

Measurements of the threshold current density versus tempaell structure. Although the three structures were grown se-
ature for devices with a 500m-long cavity length are plotted quentially, the absorption edge—and indeed the exciton peaks
in Fig. 2. The threshold current density of the Q.8+ cladding as measured using edge photovoltage absorption spectroscopy
device is significantly higher than that of the other devices Bt]—are at slightly different energies. The differences in the
all temperatures. At low temperatures the threshold current absorption edge of 14.4 meV (0.3-1.0n), and 3.7 meV
creases linearly with temperature, characteristic of the intringi@.5-1.0:m) are small and could be due to, for example, a
radiative current in the quantum well [7], [9] and the thresholdell width difference of two monolayers and less than one
current density in this region is higher for the Qu8: cladding- monolayer, respectively.
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Fig. 4. Example of determination of quasi-Fermi level separation using AE. /eV
independently measured loss and gain spectra. At long wavelengths beyond ¢/

the band edge, there is no absorption or optical gain due to the quantum-
structure and the “net gain” in both cases corresponds to the modal loss.

uasi-Fermi level separation is obtained from the transparency point, wh > . h
d P P y P ﬁqgares), and 1.0m (circles). The inset shows the data re-plotted relative to

Is the photon energy where the gain is equal to the losses, as indicated by-he energy of the band edge to take account of small difference in band edge

intersection of the horizontal line, corresponding to the loss, with the gaﬁ
spectrum. energy between the samples.

Il
%e% 5. Experimental data for peak modal gain versus quasi-Fermi level
aration for samples with cladding layers of @8 (triangles), 0.5«m

At long wavelengths, below the band edge, the measuremegid spectrum (obtained by adding the measured valug)@ind
yields a value of the internal optical mode loss. The valuegiasi-Fermi level separatiahE; were derived. Fig. 5 is a plot
for the 0.5 - and Jzm-wide cladding layers are very similarof the peak value off for each current versus the corresponding
(12.4+ 3.7 and 11.3t 1.9 cnT?, respectively), whereas thequasi-Fermi level separatiahE ;. The inset of Fig. 5 shows the
0.3-um-wide cladding sample has a significantly higher valusame data plotted as a function@E; — E,), whereE, is
of 36.2+ 6.9 cnT!. These measurements include both thge transition energy of the quantum well, to remove the effect
loss due to optical leakage through the p-cladding calculatedgfithe small differences in absorption edge energy of different
Section Il and other sources of loss, such as the scattering lagsnples, shown in Fig. 3. The data of Fig. 5 confirm that the
The measured data are consistent with the calculated valueifinsic relation between gain and relative quasi-Fermi level
Table | and loss due to other sources of about 11-ktriThe separation is the same for all the active regions, irrespective of
measured loss of 36 cm for the 0.3um-wide cladding layer the cladding-layer thickness, as we would expect.
is large compared to the mirror loss of 24 thfor a typical Since we have measured the optical mode loss and can calcu-
uncoated 50Q:m-long device. late the mirror loss for a given device length, these data allows

) . . ) us to determine the quasi-Fermi level separation at threshold

C. Gain, Quasi-Fermi Level Separation, and Leakage Curregf,. o,ch cladding-layer thicknesses. The pr8-cladding has

We measured the modal gain as a function of quasi-Fermiarge optical mode loss and the quasi-Fermi level separation
level separation in electrically pumped material using theas obtained by extrapolating the plot in Fig. 5. We then used
single-pass multisection device method [12]. These data enafdleto calculate the leakage current expected for each device at
us to confirm that the intrinsic properties of the active regior800 K. We used the material parameters listed in Table Il ex-
of all the devices are indeed the same and allow us to determaegpt that we used a p-doping level of<110'"cm—2 as mea-
the quasi-Fermi level separation from the measured valuessafed for these samples [13]. The recombination current in the
loss and, hence, compute the leakage currents from (1). guantum well, required for the calculation of leakage current,

To illustrate the determination of the quasi-Fermi level sepaas estimated by linearly extrapolating the low temperature data
ration, the (passive) optical loss spectrum for the;in@struc- in Fig. 2 to 300 K. Results for the leakage current are shown in
ture, as shown in Fig. 3, is plotted in Fig. 4 together with th&able Il for a cavity length of 50@:m, together with estimates
net optical gain spectrunG—x;) measured with a pump cur-obtained from the experimental data by subtracting the extrap-
rent density of 1200 Am2. At long wavelengths, above theolated value at 300 K from the measured value. Note that the
band edge, there is no optical gain and both measurements doadculated” values are obtained from (1) usiexperimentally
the optical mode loss;. If we assume that; is independent of determinedralues for the optical mode loss and the relation be-
wavelength, we can extrapolate the valuexpto short wave- tween gain and quasi-Fermi level separation. These calculated
lengths, as shown in Fig. 4, and determine the quasi-Fermi ledata and the threshold current results confirm there is little in-
separation from the energy at which the net gainy; cor- crease in leakage when the cladding thickness is decreased to
responding to the transparency point. The loss data betwékh m. However, the calculations show that the leakage cur-
680 and 800 nm shown in Fig. 3 demonstrates thais in- rent is about 2500 Am~? for a cladding thickness of 0.3
dependent of wavelength over this narrower range and suppoats, due primarily to the higher electron quasi Fermi level. Lin-
the assumption made. early extrapolating the low-temperature data for this sample in

Net gain (G—;) spectra were measured as a function of drivieig. 2 suggests the threshold current due to recombination in the
current at a temperature of 300 K and value&dit the peak of well itself at room temperature is about 1000cH—2, giving
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TABLE I
LEAKAGE CURRENT VALUES AT ROOM TEMPERATURECALCULATED USING (1) v
WITH EXPERIMENTAL DATA FOR THE QUASI-FERMI LEVEL SEPARATION ~
DETERMINED FROM THE MEASURED OPTICAL LOSS LEAKAGE CURRENT gi)
VALUES ESTIMATED FROM THE MEASURED THRESHOLD CURRENT DATA g
IN FIG. 2 ARE SHOWN FOR COMPARISON 6
5}
0.5mm | Optical Loss AE; Calculated Estimated 5
cavity (cm™) (eV) Leakage Current | Leakage Current §
(Acm?) (Acm?) g
1.0 pm 33.3 1.922 24 400 g
0.5 pm 344 1.924 458 610 &
0.3 um 58.2 1.960 2500 -
0 0.2 04 0.6 0.8
a total threshold current of about 3500-cAn—2, which is in- CW input power / W

deed greater than the drive capability of our apparatus. We con- _ . . .
. . Ig. 6. Experimental results for the temperature increase of the active region
clude that the cladding thickness can be reduced to about Qrgeyices with 1.0- (circles) and 0/5m (squares) thick cladding layers as a
#m without any significant increase in the thermally activateinction of input power, for a heat-sink temperature of 200 K.
leakage current at room temperature.
cladding-layer samples of length 20pén and values of (47.7
D. Thermal Impedance Measurements + 1.5) K/W and (36.1+ 1.7) K/W for the 1- and 0.5:m-wide
For satisfactory high power performance, it is essential théeladding-layer samples 75@n in length. Similar results were
the heat generated within the device is efficiently removeabtained at a heat-sink temperature of 250 K.
to the heat sink, and this is usually quantified by the thermal The way that the thermal impedance varies with device
impedance. In GalnP-AlGalnP structures, the AlGalnP laydggth and thickness depends upon the location of the sources
suffer from poor electrical and thermal conduction, which lead heat and the form of heat flow within the device. For devices
to increased generation and inefficient removal of heat from thgounted active-side up, the thermal impedance is expected
active region. The resulting increase in operating temperatiifebe proportional to(1/L)In(¢), whereas it is proportional
can cause an increase in the threshold current density, a red@cl/(tL) for the ideal 1-D heat flow approximated in an
tion of output power, a shift to longer wavelengths, and po@¢tive-side-down mounting [14], where is the thickness
reliability. To measure the thermal impedance, we operated &frmaterial andL is the device length. The variation with
laser devices at a heatsink temperature of 200 K at a pulse widivice length is as expected for devices mounted active-side
of 300 ns and a repetition rate of 1 kHz. By increasing the puls@permost. The results for devices withuf-wide cladding
length, we confirmed that the increase in the temperature of fgers are of the same order as previously reported values
active region due to the 300- ns pulse was negligible. The puRfethermal impedance for AlGaInP-based lasers (e.g., [14],
was superimposed on a CW drive current and the temperatl¥el). These results demonstrate that there is a measurable
rise of the active regiotd7,,.) was measured from the changgeduction in the thermal impedance of devices going from a
of laser wavelength as the CW drive current was increasel@dding-layer thickness of 1-0/&m in thickness, so devices
(d\;). The amplitude of the pulse was reduced as the CWith 0.5um-wide cladding layers should have significant
current was increased to maintain the total currentak I,;,, Performance advantages for high-power lasers.
where Iy, is the threshold current. The electrical input power
(Pew) was derived from the measured CW drive current and IV. SUMMARY

voltage. The wavelength change was calibrated by measuringye have designed and evaluated the performance of large
the laser wavelength change with heatsink temperatdygiT”  optical cavity 650 -nm GalnP laser diodes in which the
over the temperature range 200-300 K. The valud)Qf/ng cladding-layer thickness was reduced from 1 to 0

was 0.150+ 0.004 nm/K for both the 1.0- and 0/m-thick  5nq 0.3 ;um. The experimental results show that the thermal
cladding-layer structures, which is consistent with the band ggRnedance is reduced with this reduction in cladding thickness,
change with temperature [9]. The thermal impedance was thgsy for the 1.0- and 0.5m cladding devices, there is no increase
obtained from the following relation: in the optical mode loss and thermally induced carrier leakage.
However, for the 0.3:m cladding-layer thickness, the optical
mode penetrates sufficiently into the GaAs contact and substrate
that the mode loss increases substantially such that the devices
The temperature rise as a function of the input power for tli® not lase at room temperature. The measured changes in mode
0.5- and 1zm-wide cladding-layer samples of length 200 loss are in agreement with calculations, and the threshold current
is shown in Fig. 6. The plot s linear in both cases, as it is for diehavior agrees with values of leakage calculated from measured
the structures examined; the small deviations from the straighotde loss and quasi-Fermi level separations. Measurements of
line occur presumably because of the discontinuous changegain spectra show that the intrinsic relation between the gain and
laser wavelength with temperature due to mode jumps. Frahe quasi-Fermi level separation is the same for all structures
such data, we deduced values of thermal impedance of {30.as expected. This work indicates that improvements in the
1.4) K/IW and (22.3t 0.6) K/W for the 1- and 0.5sm-wide high-power performance of a red-emitting laser can be obtained

dT,, dTl,,. d\

R, = = .
T Pow | dN dPow
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by using a LOC structure with cladding thickness reduced i@ Yin, photograph and biography not available at the time of publication.

about 0.5:m.
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