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InGaP/ A lGaI nP lasers (em ittin g fr om 630 to 690 nm ) and GaA s/
A lGaA s lasers (emitting at 780 nm) w ere studied under hydrostati c pres -
sure up to 20 kbar and at temp eratures from 240 to 300 K . T he electri-
cal characteristics , the power- current dep endencies and the emission spec-

tra w ere measured. T he emission spectra shif ted in agreement w ith the
pressure =temp erature variation of the band gaps in active layers of the
laser. Since at high pressure the À À X separation in the conductio n band is

strongly reduced (both in A lGaI nP and A lGaA s), the dominant loss mech-
anism of the lasers is the electron leakage to X minima in the p -claddi ngs.
T his, in turn, leads to high sensitivi ty of threshold currents to temp erature.
T he dep endence of threshold currents on pressure and on temp erature is

in good agreement with the simple theoretical analysi s taking into account
the carrier leak age and the radiativ e and nonradiati ve recombination. Better
agreement betw een the theory and the exp eriment is obtained assuming drif t

rather than di˜usi on leakage. T his indic ates that threshold currents could
b e further reduced if the p-doping is impro ved in the claddin gs.

PACS numb ers: 42.55.Px, 42.60.{v, 78.45.+ h

1. I n t rod uct io n

It is wel l kno wn tha t both for Al GaInP and f or Al GaAs short wa velength
laser di odes thresho ld current increasesrapidly wi th te mperature and the di ˜eren-
ti al quantum e£ ciency decreases wi th increasing temperature [1{ 3]. Thi s increase
in thresho ld occurs due to small À À X separati on whi ch al lows therm al ly acti vated
electrons to leak from acti ve region to p -claddi ng layer thro ugh X m inim a [4{ 6].
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Hydro stati c pressure m odiÙes the band structure of semiconducto rs and usual ly
increases the di rect band gap of m ost I II{ V and I I{ VI semiconducto rs wi th the
rate of about 7{ 12 meV per kba r. W e have used thi s e˜ect for wa velength tuni ng
of di ˜erent lasers in a wi de spectra l range. The separati on between di rect (À ) and
indi rect ( X ) minim a in Al GaAs and in Al GaInP decreaseswi th pressure wi th the
rate of 10{ 12 meV per kba r. We have found tha t f or the GaAs/ Al GaAs laser di odes
emi tti ng in the 780{ 840 nm range and for the red emi tti ng InG aP/ Al GaInP lasers
(635{ 690 nm range) thresho lds signiÙcantl y increased wi th pressure. W e decided
to study the e˜ect of both pressure and tem perature on di ˜erent laser di odes. Our
m ain moti vatio n wa s to com pensate the increase in thresho ld wi th pressure by de-
creasing the tem perature of the laser. Thi s al lowed us to extend the tuni ng range
of laser diodes for two reasons: (i ) we were able to appl y higher pressures wi tho ut
increasing the thresho ld, (i i ) the decreasing tem perature shi fted emission wave-
length in the sam e di recti on as the increasing pressure. W e were also m oti vated
by the need to obta in yellow laser l ight for di ˜erent appl icati ons.

W e start by describing our exp eriment and the opti cal pressure cell (Sec. 2).
In Sec. 3 we discussthe pressure and temperature e˜ect on thresho ld currents and
we derive simpl e equati ons tha t we used for Ùtti ng our experim enta l resul ts. In
Sec. 4 we present our experim ental results f or GaAs/ Al GaAs and InG aP/ Al GaInP
di ode lasers. Section 5 conta ins major concl usions.

2. E x per i m en t a l

Our pressure cell is schemati cal ly shown in Fi g. 1. It is m ade of high qual i ty
m araging steel wi th an insert. The pressure is increased by pushi ng the piston. The
pressure is cal ibra ted wi th the resistance of InSb sensor whi ch gives about 0.1 kba r
sensiti vi ty in the 20 kbar range (the absolute accuracy of pressure determ inati on
depends on the proper cal ibrati on of the sensor and is typi cal ly 1 kbar).

Fig. 1. Schematic view of the pressure cell.

The l ight emi tted by the laser comes out of the cell thro ugh the sapphi re
wi ndow (af ter being col l imated by a special m icrolens) or thro ugh the m ul ti mode
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opti cal Ùber. We obta ined about 75% of the laser power outsi de the cell in both
coupl ing systems. The opti cal Ùber and wi res are inserted into the plug whi ch is
screwed into the pressure cell. As a pressure m edium in the cell the special ki nd
of gasol ine or a penta ne{ hexane mixture was used. The gasoline we are usi ng is
tra nsparent and provi des hydro stati c pressure up to 20 kba r in the tem peratures
range f rom 220 to 300 K. For the experim ents at lower temperatures we used two
typ es of cooling systems. Three Pel ti er elements (wi th fans) atta ched to the cell
al lowed to cool i t down to 0 £ C. Thi s system is com pact and requi res only simpl e
power suppl y wi th a contro l ler. For lower tem peratures we passedthe ni tro gen gas
thro ugh the copper tub e wound around the cell ; thi s m etho d al lowed to cool i t
down to about 120 K. The tem perature was m easured by a therm ocoupl e placed
inside the pressure cell . The cell wi th cool ing elements is pl aced under a small
hydra ul ic press so tha t the pressure can be varied at lower tem perature. For each
pressure we m easured the current{ vo lta ge and the power{ l ight characteri sti cs to-
gether wi th the spectra at di ˜erent currents under pul sed or cw operati on. W e
used 200 ns pul seswi th 0.1% duty cycl e. The spectra were m easured using SPEX
1000M m onochro mato r wi th liqui d-ni tro gen cooled CCD . W ith 10 m icron sli ts we
have got the resoluti on of about 0.01 nm .

Our laser diodes were comm ercia l devi ces pro duced by Hi tachi (690 nm ,
30 m W, 45 m A thresho ld), Sharp (780 nm , 10 mW, 45 m A thresho ld), Sanyo
(780 nm , 5 m W, 43 m A thresho ld) and by Semiconducto r Laser Interna ti onal
(660 nm , 200 m W, 570 m A thresho ld). The m anufacturers were not wi l ling to
reveal the compositi ons of the layers or other technological inf orm atio n.

3. T heor y

The lasers whi ch we studi ed emi tted at 780 nm and in the 630{ 690 nm range
(at ambient pressure and tem perature). For such wi de band gaps we can neglect
the e˜ect of Aug er recom binati on and we can consi der only three contri buti ons to
the thresho ld current: radiati ve recombi nati on, nonra diati ve recombi nati on, and
leakage. Let us consider leakagecurrent Ùrst. The dom inant contri buti on to leakage
comes from electrons di ˜usi ng and dri fti ng into the p -claddi ngs. The energy barri er
Â E for thi s pro cessis the distance from the quasi Ferm i level in the acti ve region to
the X m inim a in the p -claddi ng (due to hi gh Al content in the claddi ng the lowest
m inim a in the conducti on band are at the X points in the Bri l louin zone). Thi s
energy barri er is very sensiti ve to pressure because the À À X separati on decreases
under pressure wi th the rate of about 10 meV per kba r in Al GaInP and about
12 meV per kba r in Al GaAs. The general form ula for the leak age current density
is [4]:

J L = q D n N 0

hp
1 =L 2

n + 1 =( 4 z 2 ) cth
p

1 =L 2
n + 1 =(4 z 2 ) x p + 1 =( 2 z ) ; (1)

where q is the electro nic charge, x p i s the p -cl addi ng layer thi ckness, and L n i s the
m inori t y electron di ˜usi on length. D n i s the m inori ty electron di ˜usi on coe£ cient



588 P. Adami ec et al .

given by D n = ñ n (k T =q ) , where ñ n is the m inori ty electron mobi li t y, k i s the
Bol tzm ann constant, and T i s the absolute tem perature. The quanti t y z i s a length
characteri sti c of dri ft leakage, given by

z =

˚
k T

q

Ç
¥ p

J t o t
; (2)

where ¥ p i s the electri cal conducti vi ty of the p -claddi ng layer and J to t i s the to ta l
di ode current density .

N 0 in Eq. (1) is the concentra ti on of m inori ty electro ns at the edge of the
p -claddi ng lay er, given by

N 0 = 2

˚
m X k T

2 ¤ ñh 2

Ç3 = 2

exp( Â E =k T ) ; (3)

where m X i s the density- of-sta tes e˜ecti ve mass of electrons in the X val ley of the
cl adding layer and Â E i s the potenti al barri er for electron leakage. Â E is a˜ected
by the dopi ng density in the claddi ng because the quasi-Fermi level for holes in
the acti ve layer has to match the Ferm i level at the edge of the p -claddi ng. For
low p -doping there are two reasons for increased leakage: dri ft component of J

increases and Â E i s reduced. For high p -doping the electri c Ùeld in the p -cl adding
(J = ¥ p ) wi l l be low and J wi l l be dom inated by di ˜usi on

J =
ñ n k T N

L n

: (4)

For high currents and low ¥ p ; J wi l l be dom inated by dri ft

J =
q ñ n N J

¥ p

: (5)

In our analysis of the data we shal l use the above form ulae for J i .e. we shal l
consider tw o extrem e cases. The interm ediate case (described by Eq. (1)) conta ins
to o m any param eters whi ch we do not kno w. For red emi tti ng lasers i t was shown in
R ef. [4] tha t the dri ft current dominates the leakagewhi le for GaAs/ Al GaAs lasers
hi gh hole concentra ti on in the p -claddi ng can be achi eved so tha t the di ˜usi on
current shoul d be m ore importa nt. W eshal l beonly concerned wi th the dependence
of J on pressure and on tem perature. The onl y pressure-dependent quanti t y in
J i s (to a good appro xi mati on) the energy barri er Â E = Â E ˜ p , where Â E

i s the am bient pressure v alue of Â E and ˜ i s the pressure coe£ cient of the À X

separati on (ta ken as 10 m eV per kba r in Al GaInP and as 12 m eV per kba r in
Al GaAs). Thus we obta in the fol lowing expressions for the leakage current I =

J S in the two extrem e cases:

I = A ( k T ) = exp
˜ p Â E

k T
; (6)

or

I = A ( k T ) = I exp
˜ p Â E

k T
; (7)
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where we trea t A and Â E 0 as Ùtti ng parameters, indep endent of pressure and
tem perature. Thi s inv olves the assumpti on tha t ñ n ; L n , and ¥ p do not depend on
tem perature (whi ch might not be the case).

Let us now discuss the two remaini ng contri buti ons to thresho ld currents:
the radiati ve and nonradi ati ve recom binati on. The radi ati ve current J r = q B 0 n 2

t h ,
where n th i s the electron concentra ti on (whi ch clam ps at thresho ld) and B 0 i s
the bi molecul ar recom binatio n coe£ cient. As shown in R ef. [7], the pressure/
tem perature varia ti on of B 0 ari ses from the term E g =k T , where E g i s the band
gap of the acti ve region (whi ch we ta ke to be the emission energy of the laser).
The thresho ld concentra ti on and i ts pressure dependence due to the increase in
the e˜ecti ve mass and to the increase in the opti cal conÙnement factor have been
di scussed in R ef. [7]. In m ost cases the radiati ve thresho ld current increased wi th
pressure, in som e casesi t decreased but the changes were rather weak (a few per-
cent in the 10 kba r range). It can be shown tha t the electron concentra ti on at
tra nsparency is proporti onal to k T . W e assume the sam e proporti onal i t y for the
thresho ld concentra ti ons. D ue to the exp erimenta l observati on in InG aAs/ GaAs
lasers tha t the thresho lds were independent of pressure we assume tha t the radia-
ti ve current is constant wi th pressure and pro porti onal to k T . Since the nonra-
di ati ve current is proporti onal to n th =§ , where § i s the l i feti m e for nonra diati ve
recombi nati on (assumed constant), we can also exp ect the proporti onal i t y to k T .
Theref ore in our sim ple analysis we assume the radiati ve and nonra diati ve contri -
buti on to the thresho ld current as B k T , where B i s a constant.

Sum mari zing, for the analysis of the thresho ld current at di ˜erent pressures
and tem peratures we shall use the fol lowi ng expressions:

I d i ˜
to t ( p; T ) = A ( k T ) = exp

˜ p Â E

k T
+ B k T ; (8)

or

I ( p; T ) =
B k T

1 A ( k T ) = exp ˜ p E

k T

; (9)

where A; B , and Â E wi l l be three Ùtti ng param eters indep endent of pressure and
tem perature. The parameter ˜ (pressure coe£ cient of the À X separati on) wi l l
be ta ken as 10 meV per kbar in Al GaInP and as 12 m eV per kba r in Al GaAs.

4.1. GaA s/A lGaA s laser diodes

W e studi ed the 780 nm di odes by Sharp and Sanyo wi th thresho ld currents
45 m A (10 mW opti cal power) and 43 m A (5 m W opti cal power), respectivel y. The
emission shi fted wi th pressure wi th the rate of 9.8 meV per kba r for the Sharp laser
and 9.5 m eV per kba r for Sanyo laser whi le tem perature shift is about 0.45 m eV
per degree kelvi n for both lasers.
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Let us discussthe pressure dependence of thresho ld currents f or 10 mW laser
di ode. Thi s is shown in Fi g. 2 for di ˜erent temperatures. At room tem perature I th

starts to increase sharpl y above 6 kba r whi le the curves at low tem peratures are
alm ost Ûat. In order to Ùt thi s data wi th form ulae (8) or (9) we pro ceed in the
fol lowi ng way. Fi rst we Ùt the pressure dependenci es at Ùxed temperatures (wi th
form ulae (8) or (9)). In thi s case the term A exp( À Â E 0 =k T ) can be trea ted as
constant C . Thus we onl y Ùt wi th two parameters B and C . B stayed the same
for al l curves i .e. indeed B i s independent of tem perature (and pressure). Then
we pl otted the param eter C as a f uncti on of 1 =k T in a logari thm ic scale and we
obta ined Â E 0 and A . Thi s is i l lustra ted in Fi g. 3 for both the di ˜usi on and the
dri ft appro xi m ati ons. W e can see tha t log C i s indeed a l inear functi on of 1 =k T .
Li neari ty is better in Fi g. 3a. Ho wever, the param eter Â E 0 i s surpri sing ly large
in Fi g. 4a (480 m eV). The dri ft appro xi m atio n (Fi g. 3b) yi elds Â E 0 = 3 0 0 m eV
whi ch is a more reasonabl e value for the separati on between the electroni c Fermi
level in the acti ve lay er and the X mini ma in the Al GaAs p -claddi ng. Thus in

Fig. 2. T hreshold currents for the 780 nm laser vs. pressure at di˜erent temp eratures.

Fitted lines w ere obtained from Eq. (9) w ith Â E 0 = 3 00 meV and A and B listed in

T able.

Fig. 3. C oe£cient C A exp E =k T obtained from Ùtting the I p

dep endenci es w ith di˜usi on leakage given by Eq. (8) (a) or w ith drif t leak age given

by Eq. (9) (b).
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Fig. 4. T hreshold currents for the 660 nm (a) and 690 nm (b) laser vs. pressure at

di˜erent temp eratures. Fitted lines w ere obtained from Eq. (9) w ith Â E 0 = 2 15 meV

(a) and Â E 0 = 2 82 meV (b), respectively . Parameters A and B are listed in T able.

T ABLE

Fitting parameters A ; B , and Â E 0 obtained from the
Ùts to I t h ( p; T using Eq. (10) .

Laser dio de A [meV ] B [mA /meV ] E [meV ]

780 nm 2. 09 2.0 300

.23 1.78 353

690 nm 0. 46 1.78 282

660 nm 0. 047 .3 214

Please note that the absolute values of A and B should
not be compared for di˜erent lasers since w e Ùtted the
currents, not the current densities.

Fi g. 2 we show the theo reti cal curves obta ined from Eq. (9) wi th Â = 3 0 0 m eV
and the param eters and given in Tabl e. Since in our model the pressure
vari ati on is enti rely due to leakage term s, i t is easy to com pare the contri buti ons
from radi ati ve and nonradi ati ve currents to the exp onenti al ly increasing leakage
currents. The latter are negl igible in the pressure/ tem perature range when the
thresho ld curves are Ûat in Fi g. 2. Carryi ng out sim i lar operati ons on 5 m W
di ode laser we obta ined com parable results. Al so in thi s laser we f ound tha t the
parameter Â has a m ore reasonabl e value using the dri ft appro xi matio n. W e
obta ined Â = 3 5 3 m eV.

4.2. InGaP/A lGaInP laser di odes

660 nm is typi cal wa velength for unstra ined InG aP/ Al GaInP structures
whi le 690 nm is the longest com merci al ly avai lable wa velength from InG aP/
Al GaInP di ode lasers. The pressure shift is about 7.9 m eV per kba r whi ch is in
agreem ent wi th the l i tera ture data for the pressure coe£ cient of the di rect band
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gap in quaterna ry al loys based on Al GaInP m ateri al . The temperature shifts were
appro xi m atel y 0.45 m eV per degree kel vi n. As in the previ ous cases, for 660 nm
laser we can see sharp increase in I th (p ) at higher tem peratures and slower in-
crease at lower temperatures (Fi g. 4a) whereas for 690 nm laser thi s increase in
I th ( p ) i s m uch slower and for low tem peratures (at À 2 0 £ C) rem ained constant
even for hi gh pressures (Fi g. 4b) . Fi tti ng each curve wi th two param eters B and
C and then extra cti ng Â E 0 and A from the logari thm ic pl ot of C versus 1 =k T (the
sam e as in Fi g. 3) we obta ined f rom the Ùts Â E 0 = 3 8 6 m eV using Eq. (8) and
Â E 0 = 2 1 5 meV using Eq. (9) for 660 nm laser and Â E 0 = 5 0 7 meV using Eq. (8)
and Â E 0 = 2 8 2 m eV using Eq. (9) for 690 nm laser. For both lasers the lower
values seem more reasonabl e. Theref ore in Fi g. 4a and Fi g. 4b we show the theo -
reti cal curves obta ined from Eq. (9) wi th Â E 0 = 2 1 5 m eV and Â E 0 = 2 8 2 m eV,
respect ively. The A and B parameters are given in T able. The fact tha t the dri ft
appro xi m atio n seems m ore l ikely is consistent wi th the conclusi ons of Ref. [4]
where i t was argued tha t the dri ft term dom inates the leakage currents in red
lasers because of poor p - typ e conducti vi ty in Al GaInP .

5. Co n cl usion s

The tem perature and pressure varia ti on of the thresho ld current for four
comm ercial laser di odes was m easured and Ùtted wi th a very sim ple form ula ta k-
ing into account the leakage to X m inima in the claddi ngs plus the radiati ve and
nonradi ati ve recom binati on. Mo re reasonable values for the leakage barri er were
obta ined assuming dri ft ra ther tha n di ˜usi on leakage. If indeed the dri ft dom i-
nates the leakage it should be possibl e to reduce the thresho lds by increasing the
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doping in the p -cl addi ngs. Our sim ple analysis was m oti vated by the fact tha t by
contro l l ing the pressure and temperature of the laser di odes we are able to in-
crease the wa velength tuni ng range in GaAs/ Al GaAs and InG aP/ Al GaP devi ces
to wards shorter wa vel engths. Thi s can be i l lustra ted in Fi g. 5 where we show the
spectra of the 640 nm laser di ode at di ˜erent pressures and temperatures. At room
tem perature we found the sharp increase in the thresho ld current wi th pressure
so tha t we could not exceed 4 kbar. W hen we cooled the diode down to À 4 0 £ C
we were able to increase the pressure and reach 600 nm wi tho ut increasing the
operati ng current. Further cool ing al lowed us to reach yel low emission at 590 nm .
In order to determ ine preci sely the pressure/ tem perature tuni ng l im i ts we have
to understa nd the m echani sms of leakage to X m inima whi ch also determ ine the
short- wavel ength l imi ts of Al GaAs and Al GaInP lasers.
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