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ABSTHACT. In thc prc!"f'llt work we study the temperaturc depen<iell('e of the threshold current
density Jth in straight separate confineIIlent heterostructure (SeH) laser.'!. The la..'lerstructures were
grown hy the lo\\' tCJllperatllre liquid phase epitaxy (~T-LPE) techniqllc. The threshold current of
the dC'\'kes wa..'lIJlc<t.Surcdin a wide tC'mperature illtcrval (77-350 K) fm cOIl\'clltiollal and qllantum
well (Q\\') la..'.;ers. In order to have a bctter characterizatioll of the Jaser diodes ami understanding
of the results, theorf'tkal estimatious of the temperatllre <!epcndence of J1h were pcrformcd. The
theor)' takcs into accouut thf('{~ loss mechanisms: leakage currcnt. nOll.raciiative recombination
from the L and X conductiou hand llIinima of the active h.yer material and Aug('r recombination.
The experimental rPslllts fit quite well the theoretical predictions. Moreovrr, it will he shown that
the mayor infinclIciug factor iu the t.hn'shold current density-tcllllH'rature hehavior is lhe leakage
current. Thc relatively high "allles of the characteristic telllpcratllre To oht.ained, prove that LT-
LPE techuiqlle is a sllit.able olle for the performance of taser diodes witll a p;ood thermal stahility.

RESll~1E~. Se pr('~enta lIB ('studio de la dependencia térmica de la densidad de corriente de umbral
Jth para lásPres de hcterocstrncturas con cOBfinamiento separado (SCH) recto. Las estructuras
láscres fueron fr('ci<ia.....• por ('\ método de epitaxia líquida ahajas tC'mperaturas (LT-LPE). Se
midió la corriellt(' de umhral ell un intervalo amplio de temperatura (77-350 K) en lá.<;eresdel tipo
cOllvencional y <id tipo de pozos cuánticos (Q\V). Para una mejor caracterización de los dispositivos
y comprensión de los resultados se realizó un estudio teórico de la deprIIlI{'IH'ia térmica de la Jth.
El modelo t('órico incluyó tres mecanismos de pérdidas: la corriente d(' fuga, la recombinación no
radiativa desde los mínimos L y X de la banda de conducción del material d{' la zona activa del
láser y la recomhinación de AugeL Los rt'su1tados teóricos estéln en huena concordancia con los
datos expcrimcntalt's y Iwrlllitió concluir que el mecanismo de mayor influencia en la dependencia
térmica de la dell~idad de corri{'nte de umbral J1h es la corri('ntP de fuga. Lo~ valof('s rplativamente
altos d(' la temppratllra caract{'rístira To obtenidos. prupuan qUI' la t{~cllica LT-LPE PS adecuarla
para la oilt£'ncifÍll di) \;\.-.;Pf('Scon hupua estahilidad {('rmira.

PACS: 42.55.Px; .3AO.I":p

.Pl'rIllancIIt addn'ss: Faculty of Physics, DIEES-I~[RE, Ulliversity of Havanét. San Lázaro y L.
Vedado, La Hahana, Cuba.
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1. INTRODUCTION

The ¡¡quid phase epilaxy (LPE) lechnique al low lemperalme regimes (LT-LPE) for the
growlh of mullilayer semicouductor heteroslruclure lasers iu the AIGaAs system has I)('eu
used successfully for the performauce of good laser diodes. Using this techuique we have
reporled a threshold cmreut deusity (.Jth) value of 192 A/cm2 for a laser diode with eavity
lenglh L = 1,15 mm at .\ = 848 Ultt [IJ. Receutly, AIGaAs quaulum well laser diodes with
graded index waveguides obtained by this technique were also reported [2J. Au iteltt of
major concern for all diode laser is the temperatme dependeuce of the t hreshold curr!'ut
density. This is particularly important beca use in practical applicatious th!' It!'at-siuk
temperature often becomcs much higilef than room tcmperatufc. alld it is 1lC'('('ssaryfOf
the laser lo be operated stable eveu at suclt Itiglt temperalure. Iu tltis work. lite t!'m-
perature depeudeuce of the thresltold current density is theoretical and ex¡)('riuH'utally
analyzed for lasers witlt active layer Iltickness!'s of 12 and :W nm r!'sp!'cti\"l'ly growu by
LT-LPE. Three loss lllechanislIls: the lcakage enrrent. tile llonradiativC' rC'comiJinatioll
in the L and X conductioll ballel lllillimél and t he A llgP[ f(>(,OIIlhillat iOH arl' takf'1l iufo
account to explain the ¡nerrase of ./th with tpmppratllff' ohs('rvf'd pX¡H'rillH'lItally. It will
be sltown tltat our experimental results lit quit!' well witlt tlt!' tlteor!'tÍt"al prt'dictious
and that the mayor iufluence factor in tite beltavior of th!' thrt'sltold currt'm d,'nsity
temperature dcpendencc is the lcakage current, which brcoml' important o\"('r 1'00111 teIll-

peral me.

2. DE\'ICE DETAILS

The dcvices tlsed in the pres('lIt study W('fC straight scparatc confinf'lIlent hetprostrllrtllrc
(SCH) five lay('rs A1IGal_IA~ laser <Iiodes in tlw stripe lIletal contart nmfigllratioll,
T\\'o structllrrs arc analyzrd, tllt' cOII\'ellt.ional 011(' ",it h aet in' laypr lhicklH'SS of :JO IIIIl
and th!' QW stmctltre witlt an acti\"!' layer thickn!'8' of 12 nlt!. TIt!' Al eOltt!'nt .f for
Al,Gal_,As in the active. barri!'r and cJadding layers are (1.1.1. 0.3~ and 0.7. rt'spt'eti\"ely.
in the conventional struclttr!': altd 0.03. 0.28 and 0.7 ilt the QW strttclttre. TIt!' alumiltutlt
composition of thC'se la,p'rs was dptcrminf'd tlsing thC' dOllhlp crystal X-ray diffrartoIllPtry
and Raman measmel1lents as was reported pre\.iously [3). D!'tails oftlt!' growth procedltrt's
and ahout the h('t('rost1'11('tu1'('8 au' gi\'cn rlsC'",IH'J'(' [l.4J, For tlH' ('xIH'1'illH'lIts. as r!pan'd
laser diodes \Vere lIIoltnted on a copper Iteat-sink in \Vhich a thermocoupl!' was !'lIIb!'dd('d.
The temperatu1'r ",as va1'ied f1'om // to 350 1\, The de\'i('(' mcaSUrelIlPllts \•...Pf(. rarripd o11t
in pulse lIIode willt a pulse lengtlt of 1 liS and a repetiliolt rate of 1 ¡,ltz. Tite tltrt'sltold
current is obtaincd frolll tlw light-('urrent. cllaracterbtic,

3, CALCULATIO:'\S OF TIIE TIIU¡';SIIOLIl ('I)HHI.::\T IlE:'\SITY

In ordcr to explain t.he ('xpcrilllf'lltal telllfH'ratlll"e de¡H'llc!l'IIl'P of tlH' thn'shold (,I1ITPUt.
SOIlH' loss mcchanisllls IlI11St he taken iuto aCCOllllt. In this wo1'k. following He£. [5J Wl' con-
sidcr thrr(' surh Illc('hanisllls that cOlltrihlltf' to au ex('Pss of nonradiativ(' ClIrrf'Ilt dplIsit.\':



TEMI'ERATUIlE DEI'ENIlEKCE OF TitE TItIlESIIOLlJ CUHRENT FOR ALGAAs... 741

nonradiative recomoination in the L and X conduction band minima, nonradiative Auger
recombination and the leakage of carriers across the heterooarriers.

S.I. Radiative CU'Tent

The radiative componenl lo the threshold current density is

.Imd = .lo + ,~~ [Oi + i lu G)] , (1)

whne, d is the active layer thickness, L is the cavily lenglh and R is the mirror reflectivily.
The internal qUilnlt1l1l effiricllcy 11í is tak(,Il ('qual to the uuit)' and the intrinsic loss ni. is
obtained from the measuf('d lenglh depeudence of the differential quantum effieieney. For
0i \Ve fouud1 in tlIe cOI1vcnt.iona! structure 7.6 cm-l and in the Q'V st.ructllfc 20 cm-l.
The confinement factor r was ealculated from eleetromagnetie wave analysis and results
to oc 0.12 for the conventional stmeture and 0.0,12 for the QW stmeture. In this work
we considered the t hermal dependenee of the gain eoe!fieient {3 through the simulaled
relation: {3= 9.3311 '1'0.913 that was ootained based in a previous reported data 16]. The
thrpshold CUITent dellsity al transparellcy .Jo can he evaluatcd as follows

noed
.lo = --o

T
(2)

where d is 30 nm and 12 nm for tll(' two stmctures compared, T is the radiati\'e lifetime
laken as 2 ns and no. the injected carrier density needed for transparency, can oe derived
from the laser threshold eondition

(3)

where EFe, EFv an' the Fel"lni energies for the eleetrons and holes, respeeliv<'1y. They can
be obtained using the Joyel' and Dixon approximation [7] as follows:

El' e ( n ) ( 1/ ) ( n ) 2 ( n ) 3 ( n )"kT = In S, + 01 ,\', + °2 N
e

+ a3 N
e

+ o., N
e

(4)

For the conwntional slrlleture lhe density of states of lhe ("()ndllction band is N
e
=

2(21nnekT/1I2)3(2. the condnclion band effeetiw mass me = (0.067 + 0.083:r)mo. al =
0.:35:l55, 02 = -(J.(J00495, ":< = 1.4838 x 10-4 and 04 = -4.4256 X lO-fi. A similar
expression holds for EFv. with l/Iv = (0.48 + 0.31 :r)mo. Since in our laser the aetiw
lay,'r was ¡lOt intentionally doped. then from the neutrality condition, n = p. In the
QW structure the density of states depends lineady with the temperatllre inslead like as
T
3
/2 as it docs in a hulk material (previolls case). Thus th(' l'xprrssiotls must be changed

'\'(e.v) = (m(c,"JkT/rrIl3d). The codlicieuts al'(' in litis case "1 = 1/2. a2 = 1/24, (l3 = O
aud 11., = -0.000:347.
Considl'riug the telllperature depeudence ofthe Ne and N". aud using (3) we oblain the

no \'alups in th(> 77-350 K trlllperaturt' rangt'. The values o[no and.Jo obtained in this way
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are 1.4 x 1018 cm-3 and 343 A/cm2 respectively al. 300 J( for t.he convent.ional structure
and 1.1 x 1018 cm-3 and 95.9 A/cm2 for t.he Q\V structure at the same temperature.

3.2. Nonradialive currents

The first mechanisll1 considert'd involves populating the L and X valleys of the conduction
bando froll1 which electrons can only recombine with hales t.hrough a downward transi.
tion involving phonon participation. This additional nonradiative recoll1bination current
density is given by

(5)

\\-'here nL, nx ami 11.1'are t}¡p eicctron COIH'cIlt.rations a1. EL, Ex alHI Er condllction band
minima respectivdy and can be easily evaluated from the expressions given in TIef. [8).
This component lo the cunput density res111ts ver)' small in the strl1ctllres ronsidered in
this work because of the small aluminum rontent in the active 1ayer. It is known that for
low Al content the electron concentration in the r valley is higher than the concentration
in the L al' the X valleys. 'rhe second mechanism considered is the nonradiative Auger
recombination. Althollgh AIGaAs has a Imver Augel' coefficicnt CA. in very thin active
iaY(,f the carricr cOllcentratiolls requirernf'llts are higher than in tlle normal case and
Auger processes may then beco me imjlortan!. The additional component to .J'h due to
this jlrocess is usnally written as

(6)

\Ve used a tell1jlerature-de¡H'ndent Auger coefficient (CA)eonv = C300 exp[0.0404(T/300)]
as given in TIef. [9]. where C300 = 4.22 X 10-30 cm"' s-l. At 300 K the additional Auger
current density is .JAug = 17.4 A/cm2 for t.he conventional structure. For the Q\V strncture
(C,dQw = (kT/Ea)1/2(CA)",uv and .JAug is 33 A/cm-2 at room temjlerature. "atice that
the Auger COmjlOlH'nt is great<'r for the Q\V slrnctnrt'.
The third and final mechanislIl considert'd is the carrier leakage out of the actin, layer.

The leakage current can be evaluated [8] as

eDn+
.Jdiff= (5)'L" tanh L"

(7)

where Ln and D are the electron diffusion length ami the e1ectron diffusion coefficient
resjlectively. \Ve took L" = 1 1,m and D = (kT/e) . l'n \Ve used Iln = 100 cm2V/s
for a cladding Alo.7Gao.3As layer. The dislance " from the edge of the ]J.cladding layer
to the p-GaAs contact layer is 0.6 ami 0.5 11m for the conventional and Q\V strncture
respectively. !lere, n+ is the excess electron concentration at tlH' edge of the ]J.cladding
layer and depends on the electron density injected in the actiw layer. This determines
the position of the electro n <¡\Iasi-Fermi level EFe. assumed to be constant thro\lghout
the waveguide layers beyond the edge of the cladding layer. In fact, t his means that we
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TAHLE I. Energy ~aps COIA1.rGal_;rAs as a fUllction oC temperature ano composition.

EIIergy gap

Er(T,:r) (eY)
Er(T,:r) (eY)
Ex(T,:r) (eY)
EJ.{T,:r) (eY)

DelH~lldellce

1.5428 + 1.3182:r - 4 x 10-' (1 + 0.6:r)T
1.5428 + 1.247:r - 1.147(:r - 0.45)2 - 4.2 x IO-'T
2.006 + 0.125.1"+ 0.143:r2 - 3.6 x IO-'T
1.8654 + 0.642:r - 5.3 x IO-'T

Range

:r < 0.45
:r > 0.45
whole range
whole range

are considering a OH illst('ad of th(' r('al se het('rostructure. ,,+ also depends on the
discontillnitv of th(' COlldllctioll "alld !::.Ec. \\'e took a value 0,68/0,32 for the ratio of
the conducÚon to valencc "and offset according with [10]. The Icakage current density
Jd;fr in the case of convclltiollal structure at 300 1\ results in 295 A/cm2 alld for the Q\V
strll('tuf(, JdífT = 72 A/CIIl2.

For computat.ional pllrposcs it is (,ollw'llient to express the energy gaps as a fUllction
of ho!h the temperature and the composition. The depelldellce of the hand gap with
temperature was taken fmm Ref. iI 1), alld that of the ellergy gaps with the aluminum
('ompositioll from Re£. [81. The Cjllantit.ies ohtained from thcse rclations are summarizcd
ill Table 1.

4. DISCUSSIOl\"

Thc individual ClIITent components as a fUlletioll of temperature for both struetures is
plotted in Fig. 1 showillg that over room temperature the most importallt mechanism
is the leakage CIIITellt in hoth cases. Al. a gi\"Cn temperature this loss mcchanism also
pre<iorninates \vltrll thc Al CDnt.cnt. in tIJe active ¡ayer is illcrcascd as rcported in our
pre\'ious paper [1]. The .ln, can 1I0t be appreciated ill the figure because it is very small
ill romparison with the other components of the total threshold eurrent density.
Thc total thn'shold ClIITPllt dellsity JI' is the s\lm of t.11l'previo\ls cOllsi<ipred ('\Input

COIIlPOIl('lItS and cau be expn'ssed as

(8)

Figure 2 shows tlll' total current density as a fllnction of temperat.me eva¡lIated frotn (8)
tog(,thcr with tlle IIlcasuf('d ,'allles of Jth for a laspf <iiode from the cOllventional structure,
The ("haracteristi{" temperatme To for this device is 123 K and was experimentally obtained
lIsing the empirical expression, .ltl,(T) = ./(0) exp(T/To) as was previollsly reported in
Hef. [12]. In Fig. 3 the t.heoretical and experimental valltes of the threshold current density
are plotted for a Q\V laser. The chara{"teristic temlH'ratme To is 200 1, for this laser. As can
he S(,CIl the experimental n'slIlt.s fit. qnite Wl'lI t.}¡(' tIH'cHetica! predi('t.iolls. As dt'lllonstrat.('d
in t he previolls calculatiolls. t.he lIlaill llH'chanislIl n'sponsible for t.JI(' illcn'ase of Jth \\'ith
the temperature is the leakage CUlTellt..
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FIGURE 1. Calculated diffcrcllt COlllpOllcnts oC the thresholrl current density plotted as a functioll
oí temperature for the both typcs oí structurcs studicd. The cavity lcngth was taken as 540 J1111.

4. CONCLUSIONS

~tcasurements of .J'h as a fl1llction of tcmperat.llre are prcsent.cd for cOll\'cntional alle! Q\V
structures grown by LT-LPE. Insll'¡"l Ibe usual empirical expression [or desrribing t bl'
temperature dependence o[ tbe tbn'sbold curreut for lasers, we used a tbeof(,tical mod,'1
in wbicb tbe temperature dependence of a1l tbe involved parameters, :ncluding the gain
coefficient f3 was considered. Tbe measurelllenls are rqlfoduced by tbis model. Moreovl'r,
it is demonstrated that in our lasers tbe leakage current is tbe most important thermal
1055 mechanisl11 rcsponsihle for the illcrca..<;ing in Jth with tell1perat.urc. Similar results oC
tbe J'h(T) dependence were observed for olher la.ser samples. The rclatively bigh values
of To achieved, proves tbat the LT-LPE tl'cbnique is uselul [or the performance of laser
diodes witb a good Ihermal stabilily. The results in tbe presl'nt paper are a contribution
to lhe cliaractcrization of 1aser strllcturcs growll hy the LT-LPE trc1111iqllc.
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FIGURE 2. Threshold currcnt dCllsity as a fUllction oí tcmperature. The open circles are the
lllcasured Jth for a laser diode with L = 546 Jl.m and emission wavelength ..\= 756 nm. The salid
curve is thc predicted total thrcshold ClllTCnt dcnsity according to cxprcssion (8).
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