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‘TEMPERATURE DEPENDENCE OF THE BAND GAP AND COMPARISON WITH
' THE THRESHOLD FREQUENCY OF PURE GaAs LASERS
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Berkeley, California 94720
- D. Auvergne and H. Mathieu
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ABSTRACT

. Recent measurements of the lasing energy\as a function of temperature '
'in high- purity GaAs lasershhave attempted to investigate the relation
between this energy and the one electron band gap- ‘ Because of a 1ack
of precision in the position of the band gap at high temperature,‘these
wmeasurements show'strongly conflicting results.

. In this work, we report two sets of differential reflectivity |
~measurenents (electroreflectivity and pieeoreflectivity) performed on
GaAs under high resolntinn conditions;' Both series of results give
for the excitonic absorptinn edge at rnom temperaturé.a vaiue:~
““Eo = 1.424 eV + 0.002 eV which is about 20 meV higher'than the lasing
energy reported for the highest purity GaAs samples |

This result confirm that the lasing energy in GaAs is well below -~
tne one electron band gap. In addition, we show_that this energy

separation is an increasing function of temperature. Lastly we discuss

< : _ A
On leave from University of Montpellier -~ France.

*k : P
Centre Associe au C. N. R. S. -



—ye LBL-3557

a éimple model‘of_band to band recombination ihcluding electron-electron
interaction effects and we show that it permits to calculate a
temperaturé dependence of the lasing line in the range 80°K-300°K which

is in good agreement with the experiment.
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- T. INTRODUCTICN
The o;igin of the lasing transition in ultra—pure GaAs‘is still
an unsolved problem. Contrary to heavily doped f;N junctions in which:
_the téil dénsity of states introduced by doping accounts for most of the
:charaéteristics of the device,lf_4 in ultra;pure GaAs different
vvmechanisms.must bé considered in order to account for the experimental
observétibns.'-

>" and experimental

- At 16w’témperéture,»theoretical calculations5
investigations7 suggést that an egcitonic tranéition is responsible for
the iégef‘action. As the temperature increasés, hﬁﬁever, fhis laser
écﬁion should.be dominated by a directvband-to—band recombination.
process.B?hAt'liquid nitrégen teﬁperature,'various investigationsg_ll
initiated by‘Basov and co-workers, support weil'a merliof band-to-band
recombination but suggest that it must include many—bodf interactions
in ordgr-to explain the experimental value éf the lésing frequency. A
’careful stu&y at 77‘;1(12 has shown that the electron-electron interactionl3
.mainly accounts for.thé experimental obéervatiohs. At room temperature
the lasing frequency‘appears to have an even stronger shift and, in

order to have a complete understanding of the mechanism responsible for

the transition, two independent studies of its temperatufe’dependence
' 14,15

have been reported. The results are controversial.
"First Kressel and Lockwood reported observation of the lasing
transitibn in the temperature range 4.2°K-345°K for p+'-n—n+ double

hetefojunction (AlGa) As-GaAs laser. Because of the close confinement

produced by the refractive index diécontinuities; the observed radiation
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is assumed to come only from the lightly doped n type region._ In this
case, they show that the lasing frequency does not follow the temperatdie
shift of the band gap determined by‘Stﬁrge.l6v Thé'discrepanéy which
is an increasing function of température varies from abouﬁ 2 meV at
‘4.2°K up to 30 meV at.room temperature. They concluded that even in
their lightly doped samples (n'V 1016cm_3) Fhé’stimulated emission-is not
a simple band-to-band process.

Second, Chinn-Rossi and Wolfe15 reportéd some time later opposite
results. Théir work differs with the previous oﬁe in that both’higher

14bcm.-:s)’and an optical excitation

B purity laser material (GaAs, Na+Nd N 10
method were:uéed; These authors measured both lasing energy and
photoconductivity. At low temperature, they coﬁfirmed that the lasing
frequehcy is weil below the band gap but now, as the temperature_inqreases,
 the difference between the lasing frequency and the band‘gap decreases.
At room temperature, the laser frequency and the band gap detérmined from
photoconductivity both converge to -1.407 eV. This result would, fhergfore,,;
suppor#ithe-idea.of a simplé band-to-band recombination. |
Such a conclusion of course depends on:our'knowledge of the baﬂd
gap vs Fempérature. In Table I the value E; = 1.407 eV obtained at
room temperature in the work of Ref. 15 1s compared with different'results
previously published. We notice that the differehce ig quite large (about
65.meV). This leads io difficulty in commenting whether the lasing
frequenéy agreeé with the gap energy. Clearly both simple absorptionl6—18
ahd photoconductivity measurements15 are not sufficiently accurate. At
room temperature the band edge becomes less abrupg, one must increase

19-22 Even then

the resolution by.performing a derivative of the spectra.
. . . . (‘
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there are difficulties in analyzing the data. For example, Pond and 4
'Handler21 have been able to fit the same electroreflectance spectrum
of pure GaAs at 273°K wiﬁh two different values of the transition edge
depénding on.;he theoretical model used: Eo = 1.427 eV Qith a one
electron theory of F;anz—Keldish effect, E6 = 1.445 with an excitonic
theory of electrbreflectivity.

To avoid such difficulties, we have measured both electroreflectance
V_(E.R.) and piezorefiectanée (P;R.) of GaAstiﬁh high resolution. We
repor# the results in-Section II. In Section III we qompafe the
temperature dependence of the band edge with that of thé lasing frequency
'gnd show thaf the difference is»aﬁ increasing function of temperature.
Finally, in Sectiog IV, we discuss a simple model qf band—to—band recom-
binatioﬁ wﬁich'includes many-body interaction and show that it accounts

well for most of the experimental results.
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II. EXPERIMENTS
A schematic diagram of our experimental apparatus 1s given in Ref. 23.
By siﬁply changing the P.Z.T. transducers into an electrplyﬁic cell,
we are able to perform both P.R. and E.R. measurements. In both cases,
the samples used were mechanically polished and chemically eeched by
) steedard‘techniques and the detector used was an S—20 photomultiplier.

A. Piezoreflectivity Data

© A typical P.R. spectrum obtained on high purity GaAs samples

> cm-3)‘is shown in Fig. 1A. It is compared with the

(n”=l.5><101
-theoreeical derivative spectrum»celculated24 from Sturge'svabsorptiqn
_data16 in Fig. 1B. Both spectrum are consistent with a very small
perturbation of the band structure. The‘calcv:ulation,z4 corresponds to
. AEg = 3.10“4 eV. With a seandard value 5: 50 ké/cm2 for the A.C. stress
abplied en_the sample and the hyd;ostatic pressure coefficient given fof tﬁe
.fundamental gap of GaAs given by Paul and co—workerszs, we find:
AEg ~ 5.10_4 eV. This amplitude permits us to analyze our data in terms'of a
first derivative of the joint densit§ of sfates'and to achieve an )
accurate determination of tﬁe'absorption edge.

Let us consider as'an exaﬁple the excitonic absorption curve
(a p-dimensional Mb critical pdint) which corresponds to;;he steﬁ
function of Fig. 2, Inethis case, the first derivative AE2 is the
resonant G.funcﬁionﬂgiven in Fig. 2A,1f we assume aefinite value for
the broadening~§erameter I'. We can show that AR/R is proportional to.
the real part AEl of the modulated dielectric constant, given in curve

2-B, so the pesition of the excitonic absorption edge corresponds to

the interception with the base line. The broadening parameter I' is
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easily obtained from half the enérg& difference betweéen the two extrema.
At room tempeiature, from the spectrum given in Fig. 1A,_wevobtain:
E, = 1.424 *+ 0.002 eV and ['<10 meV.

Adding to'this value an exciton energy of 3.8 mev22 and comparing this

result to the values given in Table I, we find that our value of the band

gap in GaAs at room temperature is:

7 meV. lower than the value given by Sturge16 . i

2 meV higher-than the photgcohductivity value of Ref. 15
< and lastly, 4 meV higher than the recent data of Sell and co—workers.22

The main reason for this discrepancy seems to be in the lower pufity of

15 cm_3) as cqmpared with ?he samples of Ref. 22 (vapor

13

our samples (nV 10
phase epitaxy nV 5.10 cme); Indeed, with decreasing purity, the band .
edge in GaAs is less sharp and slightly shifts to higﬁer energy.22

B. Electroréflectivity Data

A confirma;ionbof our determination at room temperature is obtained

by E.R. measurements onkbo;h’n‘and p type GaAs at 293°K,' A characteristic

spectrum obtained on a p-type samp1e7(3.1vO14 cm;3) is given on Fig. 3.

In the'Case of E.R;,_the line shape observed strongly'dependsvon the

magnitude of the electric'fiela and the deterﬁination of material para-.

meters from éﬁ‘experimental sgectrum ié difficult. However, for

sufficieﬁtly low values of ﬁhe modulating field, the experimental

analysis is drastically simplifiedz6: a simple meaéurement éf the asymmetry
- ratio of both extrema permit an independent determination of the

absorption edge and of the broadéning_parameter r.
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In ghe case of our experimental spectrum of Fig;.3, the modulation
amplitude was only 50 meV. We have verified that this is ip :hé,low
field limit by noticing, for example, that the signal amplitude is
v”directly proportional to the square of the m&dulétion field. .Uﬁder these
:iiéw field conditions the 3 points.fit analysis of Aspnesg6 work$ well

ﬁnd one obtains at 293°K:

'Eex~=.1.426 +.0.004 eV and T = 20 meV

These results are in good égreement with our P.R. determination and

confirm that the lasing energy independently measured by Chinn, Rossi

and Wolfe (1.407 eV) or Kressel and Lockwood (1.401 eV) in high purity
~  GaAs are both far below the one electron band gap at room temperature.
- We study in the next section the temperature dependence of this difference

between the lasing energy and the gap energy.




-7~ LBL-3557

III. TEMPERATURE DEPENDENCE OF THE ONE ELECTRON BAND GAP
Figure 4 summerizes the temperature dependence obtained from our
P.R. data and compares with other results in the same temperature

range.}6’27 They agree well, and givé a value:

4

o dEo/dT = -3.9 10 ' eV/°K

for the temper#ture coefficient of the fundamental edge between 100
and 300°K. |

.-Figure 4 also shows. the temperature dependence of the lasing
energy obtained in Refs. 14 and 15. In the temperature range 77°K;300°K
 the tw§ w@rks agree well; they are also in agreement with the value
given'in Ref. 12 aﬁ 77°K. In the low temperéture range, 2°K-60°K,
there is a discrepéﬁcy between the lasing measurements on double

15

hetefojunctions and those on optically pumped GaAs. This can be

accounted for by the preéence of a smail Al content in tﬁg active region
- of the double heterojunction diode28 which slightly increases the bénd
gap (55 meV).v |

v Figure 4 shows that even in pure GaAs the lasing energy is never
the same as the bénd gaé energy. _Invfact .ﬁhe temperature coefficient

4 eV/°K.

of the lasing emergy between 300 and 100°K is dEL/dT = =4,5%10
This value is abOﬁt 207 higher than the temperature coefficient of the
fundamental edge and, therefore, the lasing energy appears to shift

farther away from the band edge with increasing temperature: (Eo - hvl)

varies from 7 meV at 77°K to 20 meV at 300°K. Considering the differences
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in samples purity,'samples geometry and injeétioh process in different
~works (optical pﬁmping15 or electron beam excitation12 of single

platelets with an impurity concentration 7><1013 < Na+Nd < 5><1014 cm3

’
elect;ical ihjection of cafriersl4 in double heterdjunction diodes with

n»§ 2X1O16 cm—3' or electron beam excitation of the n type region aloneza) -
.bne;ghould conclude that the gogd agreéﬁent among the various experiﬁental
resﬁlts_is'an indication.that the lééing energy ié a characteristic property

of the GaAs crystal iﬁself. | |

vvFirst we must discnsé two ﬁossibilities including residual

impurities. Tﬁe siﬁple one is that lasing comes fromvéarrier.recom—
Rbinétion at résidual a;éeptor states. ‘Thié can be eésily dismis;ed.
First the well known'aéceptor lévéls in GaAs have’binding~eﬁergy29 of

fhe order of 30 meV, well above the red:shift of the lasing énergy.
Secondvthe matrix element of‘thé ﬁfaﬁsitioﬁ éhould be strongly dependent
éf'the_concentratioh.:bThe standard relation:30 |

17 L |

~where T is the transition prqbability,’the subscript C,V and A refer to
conductioﬁ band, valencé band and acceptor sﬁates respectivély and NA -

cA begins to be important
14 -3

only when NA >1017 cm_3. It remains almost negligeable with NA § 10" cem .

Lastly; the spontaneous emission from the conduction band‘to.acceptor states

is the acceptor concentration, shows that T

has been previously observed on intentionally doped p type sampl_es14 with

Na ~n 1017.vcm-3 and in the temperature range of interest, its peak always

shifts parallel to the band gap energ&.
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The'bossiﬁility of a recombination at donor states isiless easily
dismissed. .In all the zincblende semiconductors, the valénge band. -
undergoes a nearly rigid shift vs femper#ture:31_ it moves without
important deformation, so ihe ionizatioh energies of acceptor states
are inde?eﬁdént of temperature. In opposite the conduction band shifts
differéntly at points I'yc X and L. This gives rise to three different-

températuré coefficients for the interband transitions E E, and E2 (at

0’ "1
center and edges of the Brillouin Zone in [111] and-[100] direction,

' respectively). These differences in temperature coefficients reflects

‘the deformation of the band structure and ére.quantitatively related to

Y

the electronic wave functions at these different poi‘nts.31 In the same way a

transition between a donor level and the valence band will have a

temperature coefficient which depends of, the wave function which describes

the impurity. For hydrogenic impurities, the wave function is a pure

combination of T states and the temperature coefficient is the same as

- for the lowest gap:  their ionization energy is independent of temperature.

For deeper donor levels the wave function is ndblonger a pure combination
vof F'states but includes mofévand more contributi§n 6f X and L states32
according to the ene:gy'diffefences_P—L and T'-X. For suffiéigntiy deep
donor levelslone can find23 a temperature cdéfficient which is close to
dEl/dT of dEé/dT. Sgch léyels are said: associated with L or X minima
"of the condUctiéﬁ band. The same resul;s appear under pressﬁre. In GaAs
“the energy separation F—X’is @0.48 eV, independent of temperature3{ and’
the association of impurity levels with Xl minima of the con§uction band
has been previously reported by Paul32 and‘Slédeck33 ih preasurév

.experiments. However; in this case one finds from Table II that the

e ey e e e e



;10_ _ . LBL-3557

temperature dependence of the ionization energy (red shift of the lasing
line) wouldAcorrespond to an admixture of IFB with IFl) wave functions

4 eV/°K.  This

 in order to give the experimental value dEL/dT = =4.5v 10
resul; is opposite to the expected admixture of IXl) with lPi) Statés.
_Mﬁ%eve;, as for residual acceptors, the matrix>e1ement of the tramsition
ghégld be strongly dependent of the concentration of impurities. This
‘ié not observed. .And, lastly, this level shéul&”give a band impurity
transition which is not observed in differéntial spectroécopy.

© The ohly posSibility'which accounts well for the shift of tﬁe
’lasingvfrequenc§ is a temperature dependence of tﬁe‘gap shrinkage due

to a change in electron-electron interaction with change of temperature.

This is shown in the next section.

)

: ;
1] !

. i

]

]
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IV. TEMPERATURE DEPENDENCE OF THE LASING LINE

The injéction of carriers in undoped semiconduéths is known to
induce two opposite perturbations:
‘ - a downwar& shift of the band_gap-(shrinkage) due to electron;
electron interactién. : |

;'an upwa;d shift:of ghe band'gép mainly due to the filling of the
conduction band (Burstein shift). Undér injection it appears in the‘v'
conduction band a distribution of carriers which may'be described by-a~'
quasi-fermi level: Fn;vwith'a similar quantity Fp,for the §a1ence
bandl When Fn + Fp > Eg,lasing condition can be achieved and stimulated

emission can be obsérved in the range:

Eg <E<Fn+Fp . T (1)

For a.given injection (Fn and Fp) one finds a definite spectrum of emission

gain g(E) and the position of the lasing line corresponds to the maximum
'» of this spectrum. fhis shows that the lasing energy'should always be
higher than the baﬁdgap energy.

" The injedted carriefs'lower the band gap in proportion to their
A;oncentration. This si;uation is-similar_to the case of heavy doping3
but now Qe can neglect the screening of residual impurities and éhe
'corfespéndihg small téil of density of states. The shift of band gap

is given in12 according to Wolff:13’

e 3 .1/3

AE = -
- (eV) 2ME € .( ) N
or

This equation is'valid only 1if L defined as the ratio of_intér—éarrier

spaciﬁg to the electronic Bohr radiusvin the crystal,vis R1.

1/3 ' | | )
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" For GaAs this corresponds to a limiting concentration of n n 1017 cm-3.

A similar but less important effect should also occur for the valence band,

‘With the heavy hole mass of GaAs,34 the condition r, > 1 1is never

h
fulfilléd ip the range of injection studied and we can neglect éhis‘
effect. | |
fii° C°mPute the tempefa;@re dependence of the lasing energy in pure
GaAs,?Qé mﬁst therefore calculate: | | |
- a) the variation with teﬁperéture of the' carrier cqncentration
(ihjectidn) heﬁessary to'gvefpass the lqssés and tb reach a total gain.
g 21 in thg.cévity. We choos; aﬁ thteshold the experimentai value:
‘  g£h = 20 cmflg given inlﬁhe“work of Ref. 14. » |
b) the gap shrihkage AEG(T) Vhich correspopds to the ébove‘injected
carrier concentration and'giveéz | |
CE(D) = E(T) - AEL(D) . . R O
- ) the‘lasingignergy EL(T) which corresponds to-éth = IZO.t.'.mm1 and
ié relati&e”to the gap enefgy EG(T). |
 Standard expressions for the gain‘spectrum of a high purity éegi— T .
condﬁctor,_assumingva ;f conservation law . apd a paraboli;~density of
statés, are.given in Ref. 1. Most recently, Sf:ern8 c#lculated theoretical
curves of gain vs éurreht density for undoped GaAé, aésuming also a k
selection rule.but with a more realistic honparabolic aeﬁsifonfvstate
following Kane's E.;' : model.35> The main resﬁlt of-thé éalculétion isvto
‘show that with the nénfparabolic density of states, the threshold
current densities'ére about 707% as.largevas the values calculated with
.a parabolic density of states. In order to account for this effect of

non-parabolicity, we used in the pérabolic model an average recombination



o

s

<

dﬁ:

ny

<
i

Lés
LN
__:é’_

-13-  LBL-3557

constant (B) = 5.85 108 cm3/sec which is for GaAs 0.65 times the standard

value calculated from the measured paraﬁeters. | In the v
,témperature range 80°K-300°K this gi;es'valuequf injecﬁion;gainvand
current densities in good agreement with the work qf Ref. 8. A .
compa;igon of these values,caiculated with vérious models,is given in
Tablé III for a tjpicaligain‘g =50 cmfl. 'Figuré‘S shows in the
range 10 <'g < 200_cm—1 the gain-current relations obtained in our
calculation compared with those calculated By the nonparabolic model.
.The two sets of curves are in fair agreement which justifies the
approximatién made. 1

In Fig..6 we giﬁe‘in the same gain region 10 < g < 200 cm—;; the
vdependence of gaiﬁ vs.injected carrier concentration at 80°K, 160°K and’
300°Kfi.This calculation assumes equal injection of electron and holes
in the méterial. This correspondsféo the standard assumption of
identical lifetimes for both kind of carriers. With the'léw threshold
value g = 20 cm_l givén in Ref. 13, we.find an injection which is -

respectively: n = p = 2.2 10 cum > at 80°K, 6-10°'

1.5-10™® at 300°k.

at 160°K, and

vThe_diminution of bandgap AEG is computed from Eq. (2) with the
sténdérd vaiue of ﬁhe»dielectric constant in GaAs36 é; =10.9. It 1is~
sﬁown by thé dottedfline in Fig..7. It‘is an increasing funétion of
temperature which variesvfrom'about 15 meV at 800°K to 30 meV at room
femperature; Figure 7_also.gives a set of curves corresponding fo the
lasingfenergy_EL(T) ;btaiged at various temperature from the position.

of the maximum gain with respect to EG(T). The results are given. as

a function of injection. Using the calculéted values of EG(T),
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Eqs. (2) and (3), we then obtain the lasing energles given in Table IV. .

and in Fig. 4 in satisfactorylagreement with experiment. We find for

the temperature coefficient of the lasing line a value of -4.3 10—4 eV/°K
as compared with the experimental value of -4.5 10—4.
3/2 .

‘ﬁrom fig.'S;vWe also find a T™' "~ dépendence_f&r the threshold current
density:needed to reach 5 constant gain.: With the value g = ZO‘Cm_l,
we have T - 740 A/cmz at 77°K, 200 A/cmz at 160°K and 500 A/cm2 at 300°K.
This I3/2 temperature depeﬁdence is very close to the experimental
observation14 of j N.Tl'4 and rendérs avfdrtﬁer support to this ﬁodel.

v'In concldsion, we have found tﬁat the temperature deéendenée of

;the 1a$ing liné in undoped semicondﬁctors‘iélwell understood by taking

- into account tﬁo competing mechanisms. The first. one ié'an effécf of
éxchange interaction of carrie;s which diminiéhes the gap'ofnlasing ' '
materials as compared to the one-electron band gap. The gap éhrinkage
in an increasing function'of témperatﬁreksince inéreéséd éérrief 4
injéctibn is needed t6 reach the lasing threéhoid at higher temperature.
The seéond one is a combined effect of ban&nfiiling by'iniedted carriers
and of the carriers in Fermi distributions.‘ Witﬁ a simple moéel for the

' density'of‘states we'haée found that the second effect is always smaller
tﬁan the first oﬁe. The shift of the lasef frequéncy ébsérved is,

therefore, an increasing function of temperature. We have calculated

a temperatufe dependence which is in gooﬂ agreément with the experiment.
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Table I. Comparison of different results for the band
gap ‘of GaAs at room temperature. .

Eo(eY)‘ Techniques Used References
1.38 E absorption | : 17
1.435:0.003 absorption - | 16
1.435 . absorption = ‘ 18
1.42010.005 photoreflectance 19
1.425+0.015 Mbiezoreflectance , 20
iiZZ; } eléctrorefle;taqce ’ 21>'

- 1.407 | photdconductivity | R 15-

1.42410.001 differential reflectivity 22
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Table II. Average temperature shift between 80°K and
: 300°K of the lasing energy and of the EO"
El, E2 interband transitions, in units of
1074 ev/°k. | |
a. after Ref. 14~15
b. this work . - :
c. R.R.L. Zucca and Y.R. Shen, Phys. Rev.
Bl, 2668 (1970).
h\)L E0 El E2
dE | _ e
IT 4.5 3.9 5.3 3.6
a b c c




Comparison of gaiﬁ coefficient and nominal current density

Table ITI. ,
: computed for the same injectign o§ carriers, with:
a. parabolic model, B = 9-10° cm”/s '
b. nonparabolic model, Ref. 8
c. parabolic model, (B) = 5.85 108 em3/s .
a b ‘

. n=p g I g I g I
T°x) | (1017 e ) | (enly | asen®) | end) | afemd) | enl) | (Afen®)
80 2.7 78 1350 50 900 50 878
160 7.2 90 3600 50 2300 58 2340
300 18.0 112 9000 50 5300 70 5830

)

_Iz-

L66e—T9T

£ 9 g



IV.  Details of the contributions which determine the energy of the

Table
) lasing line in pure GaAs (the value of E0 include a constant
excition energy E _4 meV)
E 8th n=p AEq E W=
T AR | 17 - -3 & -3 L
(°K) (eV) (cm ) (107" cm (10 ~ eV) (eV) (10 ~ eV) (eV)
80  1.511 20 2.2 15 1.496 1 - 1.497
160 1.482‘ 20 6 22 1.460 2 1.462
1.428 15 30 1.398 4 1.402

300

20

-.zz-

LSSE-TET
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Figure Captions o .

1. A) Piezoreflectance spectrum obtaiﬁed on GaAs at room
temperature,

B) Théo:etical spectrum obtained by KRAMER—KRONIG transform

of the absorption data (after ref. 24).

Fig.

2. Upper corner: Imaginary part of the dielectric constant €,
for a typical excitonic absorption edge.

A) Derivative A€2 of the preceding curve assuming a finite value

I of the broadening parameter.

B) Modulation Ael of the real part of the dielectric constant

(AR/R).. This dispersion curve is simply the well known KRAMER-

- KRONIG transform of a resonant § function. (For exémple see

Fig.

Fig.

Fig.

Fig-

f.jBATZ, Semicondqctors and Semimetals 9, 315 (1972).)
3. Electro-reflectance‘spectrﬁm.obtained'at room temperature on
P type GaAs (Modulation: 50 meV).
4, Temperaturé'dependence of the one electron Band gap: x Thié
work, O Ref. 27, OlRéf. 16. Also givén in this figure are the
experimental results obtained‘for the témpera;ure dependence of
the iasing line: W ref. 14, ® ref. IS.i The theoretical curve
corresponds to the fesults éf.Section Iv. |
5. Comparison of gain coefficient versus nominal current density
obtained with: —— a parabolié model, this work

— a non paraboiic density of states, Ref. 8,
_6. Dependence 6f the gain éoefficient versus injection for undoped
GaAs. Iﬂz points l,correspbnd to g = 50 cm_1 in the work of

Ref. 8.
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Fig. 7. Position of the maximuﬁ of g(E) versus excitation for undoped
GaAs. Dotted line, plot of the band shrinkage versus>injection

obtained from relation (2).
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LEGAL NOTICE-~

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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