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Enhanced superlattice disordering in nonstoichiometric AlAs/GaAs quantum wells exhibits weak
temperature dependence because of the decay of the supersaturated concentration of group-Ili
vacancies. We present a formalism for transient enhanced diffusion in nonstoichiometric materials
with which we can extract migration enthalpids, by assuming that the vacancy decay is thermally
activated with an enthalpiyl, . By analyzing the electroabsorption from the quantum-confined Stark
effect for a set of isochronal and isothermal anneals, we extract a migration enthakpyl1.8

+0.2) eV for group-lIl vacancies, as well as an activation enthédpy: (0.7+0.2) eV for vacancy
annihilation. © 1996 American Institute of Physid$S0003-695(96)01628-7

Nonstoichiometric superlattices grown by molecularwas made to the exposedAl, Ga, sAs stop-etch layer after
beam epitaxy(MBE) at low substrate temperature contain substrate removal. Isothermal and isochronal anneals were
excess arsenic that gives these materials several advantgerformed on multiple samples at 600, 750 and 900 °C for
geous properties. Under weak anneals, these superlattic88, 90, and 270 s. Low fiel@.5 V/um) electroabsorption
demonstrate simultaneous ultrafast lifetimes and sharpharacterization was performed under reverse bias to find the
excitonic feature$,which are crucial ingredients for photo- excitonic transition energy as a function of anneal condition.
refractive dynamic holographic devicésglectroabsorp- The intermixing of Al and Ga at the AlAs/GaAs inter-
tion sampling ultrafast striplines, low-dark-current face is quantified by measuring the change in energy of the
photodetector§ and electroabsorption modulators. However, lowest quantum-confined exciton and matching the transition
some of these advantageous properties degrade with higihergies to calculations of interdiffused interfaces, assuming
temperature anneals caused by pronounced interfadimear diffusion® To support this assumption we performed
intermixing and roughening. Previous work® on low-  Monte Carlo simulations of nonlinear diffusion in the special
temperature-growr(LTG) superlattices, utilizing only iso- case of a supersaturated vacancy concentration. Monte Carlo
chronal anneals and an equilibrium analysis, resulted in exsimulations take as input only bond energies, and automati-
tremely small and unphysical effective migration enthal-cally incorporate deviations from linear diffusion, such as
pies. In this letter, we present a transient enhanced diffusioposition-dependent vacancy concentrations, vacancy segre-
formalisn?® using both isochronal and isothermal annealsgation, or concentration-dependent diffusion mobilities. We
that allows us to extract physically relevant diffusion enthal-found that while nonlinear diffusion is known to be impor-
pies, including for the first time an activation enthalpy for tant for some cases of intermixing of stoichiometric
vacancy annihilation. superlattice$, the strong supersaturation of vacancies in the

The samples used in our experiments were grown byionstoichiometric case studied here does not significantly
MBE using a flux of Ag. The structures were LTG MBE gajter the diffusion profiles from the linear case, other than
AlAs/GaAs multiple quantum wellSMQWSs) grown onn™  producing large enhancements in the intermixing. The simu-
GaAs substrates. Contact and stop-etch layerstype ma-  |ations do show that the process of vacancy segregation,
terials were grown on tha™ GaAs substrate at 600 °C, fol- caysed by concentration-dependent migration enthalpies, can
lowed by a LTG(310 °Q MQW layer consisting of a 150 jnhipit intermixing, which is opposite to the trend observed
period superlattice of 100 A GaAs wells and 35 A AlAs gyperimentally. Details of these simulations will be pub-
barriers. The low temperature growth at 310 °C results inished in a succeeding paper. We are therefore able to cali-
approximately 0.2% excess arsenic in the MQW. A 2000 Ayrate the diffusion length.p vs exciton transition energy,
p-AlosGay As (1X10' cm~?) layer followed by a 2000 A \yhich is used to obtain the experimental diffusion length as
top p-GaAs (1x 10" cm ) layer were grown at 450 °C 0n 4 fynction of anneal condition. The experimentally deter-
top of the LTG layers. Gold contacts were made to the toppined transition energy shifts are shown in Fig. 1.
p-GaAs. The samples were epoxied to glass and the substrate The giffusion length squared divided by the anneal time
was removed using standard techniques. A final gold contagt shown as a function of anneal temperature in Fig. 2. For
equilibrium diffusion, this quantity is equal to the diffusion
“Electronic mail: lahiri@physics.purdue.edu constant. However, for nonequilibrium diffusion, this quan-
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quantum wells. This apparent discrepancy is a simple conse-

3
10 g T quence of different decay rates for the squared diffusion
0 L u _ length divi_ded by the anneal time, depending on the initial
concentration of supersaturated group-lll vacancies. There-
~ 0! _ 1 fore, the apparent enthalpies obtained using an equilibrium
“E’ 3 _ analysis are not unique, and are sensitive to initial growth
~ N / . ] conditions. To obtain true enthalpies from nonequilibrium
= 10° E A Anneal Time diffusion, it is necessary to explicitly include the time depen-
—e—30s | ] dence of the group-Ill vacancy concentrations.
10 A 90s | 4 We use a simple formalism which utilizes both isochro-
F —w -210s ] nal and isothermal anneals to recover true migration enthal-
102 Lon b b b b b L e pies for cases of nonequilibrium diffusion. In this analysis
550 600 650 700 750 800 850 900 950 we assume linear diffusion, but with a time-dependent diffu-
Anneal Temperature (°C) sion coefficient caused by the thermal annealiagnihila-

tion) of group-lll vacancies. The decay rate ofrldf the

FIG. 1. Changes in the exciton transition energy as a function of anneagupersaturated group-Ill vacancy concentration is assumed to

temperature and time in nonstoichiometric AlAs/GaAs quantum wells. Thengye an activated nature given by
changes in energydE are measured with respect to thesitu annealed

samples. l/r=vq exd —H,/kgT], 1)

o ) whereH, is an activation enthalpy for vacancy annihilation.

tity is time dependent and cannot be related simply to 10ngyacancy annihilation, although an exothermic chemical re-

time diffusion constants, and cannot be used to extract frugction, can possess an activation barrier characterized by

migration enthalpies. For instance, the effective migrationHa that must be overcome prior to annihilation at a surface

enthalpy for the nonstoichiometric superlattices HE" o at a defect complex. The time-dependent diffusion “con-

=(1.0+0.2) eV. This effective enthalpy is smaller than the gign¢ D(t) is given by

migration enthalpy of 1.7 eV attributed to Ga vacancy

diffusion 1> but is close to the activati?]%]energy of 0.9ev  D(1)=[Do exp(—H;/kgT)+ Dy exp(—t/7)]

attributed to arsenic precipitate coarsenfnig LTG GaAs. _

Also shown in Fig. 2 is the data obtained by Beernilal xex —Hm/kT], @

based on photoluminescence energy shifts in stoichiometrizhereH; and H,,, are the formation energy and migration

superlattices. They obtain an activation enthalpy of 4.5 e\enthalpy respectively for the group-IIl vacancies. The equi-

for Al-Ga interdiffusion, which is consistent with other librium diffusion coefficient is given by th®, term. The

values' It should be noted that this value corresponds to thesupersaturated concentration of group-Ill vacancies contrib-

case of equilibrium linear diffusion, in which the activation utes theD, term, which dominates in the nonstoichiometric

enthalpy is the sum of the formation enthalpy and the migramaterial.

tion enthalpy for group-1ll vacancies. The time-dependent diffusion coefficient yields a time-
The effective enthalpy of 1 eV obtained in the presentand temperature-dependent diffusion lenggh, given in its

analysis is significantly larger than the effective enthalpy ofmost general form by

0.3 eV observed in our earlier workon nonstoichiometric L2(t)=Dy 7 exif — Ho Tke T 1~ exe— t/]]. @

For annealing times long compared withthe effective mi-
gration enthalpy is given by the difference in enthalpies

10-14 T I I
eff _ _
E Y JHT = 45 eV > Beerink |3 _Hm i H_a’ . @
105 L —e—30secs || which can explain the anomalously small effective enthalpy
Q 3 '_“"[‘"jgf),os‘;gis measured in our previous exper_imeﬁf’s.
s [ ] For general isochronal and isothermal anneals, the most
210 L Increasing 3 general form in Eq(3) can be used with a least squares fit to
- E £ 3 . . . .
X Anneal ] obtain the important parameters that describe vacancy diffu-
e o | Time sion, including the respective enthalpiels, andH,. The
3 E least squares fit to the diffusion length are shown as the solid
i ] curves in Fig. 3. The resulting migration enthalpy His,
ol e =1.8+0.2 eV, and the resulting annihilation enthalpy is
0.7 0.8 0.9 1.0 L1 1.2 H,=0.7+0.2 eV. Using the fit parameters, the time- and
1000/T temperature-dependent diffusion length in nonstoichiometric

quantum wells can be calculated, which show that the diffu-
FIG. 2. Square of the diffusion length divided by anneal time for different sjon length saturates for long times, with larger asymptotic
anneal temperatures showing nonequilbrium linear diffusion in nonstoichio-diffusion Iengths at higher temperatures

metric AlAs/GaAs quantum wells. Also shown is the data obtained by ! . .
Beerninket al. (Ref. 13 for equilibrium linear diffusion in stoichiometric The_ _rm_graﬂon enthal_pﬁ m=1.8 eV obtained from the
Alg Gay As/GaAs quantum wells. nonequilibrium analysis is in excellent agreement with the
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25 ‘ | | | | | | quantum wells, based on a matrix of isochronal and isother-
mal anneals. The resulting migration enthakhy=1.8 eV is
— 30 sec H =1810.2eV : ; i
20 | 90 sec B 07402 oV in e>'<cel!ent agre.ement' with accepted vglugs for vacancy mi-
— — - 270 sec a gration in stoichiometric GaAs. The activation enthalpy for
- 15| ® 30se /%4 vacancy annihilatiorH,=0.7 eV is presented here for the
L A 90sec e first time. The ability to extract the annihilation enthalpy is
e ol | 270 sec 4 J made possible by the supersaturation of vacancies combined
with “marker layers of AlAs that make it possible to track
the effects of vacancy diffusion. The existence of an energy
Sr ] barrier to vacancy annihilation should have important rami-
fications in the problem of diffusion in semiconductors.
0 k= I I 1 1 1
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