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The dopingof GaAs with disilanein a metalorganicchemicalvapour deposition(MOCVD) processhasbeen investigatedat
various input Concentrationsof disilane,total pressuresand temperatures.The carrierconcentrationis linearly dependenton the
input concentrationof disilane.The temperaturedependenceof the incorporationprocessof silicon usingdisilane as a precursor
changesas the total pressurevaries. At a total pressureof 100 mbarthe processis temperatureindependentin Contrastto the
behaviourat total pressuresof 20 and 1000 mbar. So the doping processwith disilaneappearsto dependon the total pressure.
Using the conceptof chemical boundarylayer, the resultsare explained in termsof the different ratedeterminingsteps in the
dopingprocessasa function of different total pressures.

1. Introduction disadvantageof silane is its temperaturedepen-
denceof the incorporationprocessin GaAs[5—111

Metalorganic chemical vapour deposition and other Ill/V materials.This effect canbe as
(MOCVD) has becomeone of the most impor- large as a 2% changein carrier concentrationfor
tant growth techniquesof Ill/V semiconductor a variation of 10 C for a growth temperatureof
materials. Many different devicescan be manu- 6500 C [121.Thereforeit is verydifficult to obtain
facturedemployingMOCVD. Most of thesede- uniform dopingprofiles overa wafer if tempera-
vice structuresconsist of one or more n-type ture gradientsare present,even if they aresmall.
layers. In MOCVD only a few elementsare used Disilane as an alternative silicon dopant source
for n-typedopingof 111/V semiconductorlayers, for the dopingof Ill/V semiconductorswaspro-
viz. Te, 5, Se and Si. Among these elements posed by Kuech et al. [13]. It appearedthat
silicon can be employed for low (n 1 x lO’~ disilane doesnot lead to a temperaturedepen-
cm

3) and high dopinglevels (up to n 1 x lO°~ dence of the incorporationprocess.It also has a
cm3), without exceptionallyhigh compensation higher doping efficiency than silane, at least in
levels [1].Moreover,it is possibleto obtain abrupt the temperatureand pressureregimesused[12—
dopingprofiles with silicon as a dopantbecause 161. However, more detailedstudiesof this pro-
of its lack of memoryeffects [21,its low diffusion cessrevealthat dopingof GaAswith disilanealso
coefficientin GaAs andits low elementalvapour can be temperaturedependentwhen different
pressure[3]. growth conditionsare employed[8,9,14,17].

In theearlydaysonly silanewasusedasdopant In an earlierpaper [9] we presentedan analy-
source for silicon in MOCVD [4,5]. The major sis of the incorporationof silicon from disilanein

GaAs at a total reactorpressureof 1 bar based
on the conceptof the chemical boundarylayer
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gie,TechnicalUniversityof Eindhoven,P.O. Box 513, Eind- [18,191.This new studywill treat the analysisin
hoven,Netherlands. moredetail andat various total reactorpressures
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in combination with new experimental data on cencewasdispersedby a doublernonochromator
the pressureand temperaturedependenceof the fitted to a cooledphotomultiplier tube with a SI
doping of GaAswith disilane. response.

2. Experimental procedure 3. Results

In our experimentswe investigated the tem- 3.1. Growth andcharacterizationof undopedGaAs
peratureand pressuredependenceof silicon in-
corporation in GaAs using disilane as a dopant. The growth rate of undopedGaAs is plotted
The studywas carriedout in a commercial,corn- versus the reciprocal temperature for three
puter controlled MOCVD reactor [201 using growth pressures(20, 100 and 1000 mbar) in fig.
trimethylgallium (TMG) and arsine (AsH3) as 1. From this figure it appearsthat the growthrate
sourcematerials.As a dopantprecursor100 ppm of GaAsis virtually independentof the tempera-
disilane(Si2H6) in N2 was used.Hydrogen,pun- ture at a pressureof 100 mbar. One has to
fied by a Pd-diffusioncell, wasusedas carrier gas concludethat at this pressureand in this temper-
at a flow rate of 7 SLM. The pressureof the aturerange(600—7000 C) the growthof GaAsis a
reactor is adjustablebetween20 and 100 mbar; diffusion limited process[21—231.
however, it is also possible to perform experi- At the othertotal pressures(20 andI00() rnbar,
mentsat atmosphericpressure.The reactor cell fig. 1) the growth rate is only weakly dependent
has a rectangularcross-sectionand is heatedby of the growth temperature.However, trends are
infra-red radiation. still clear. At 20 mbar the apparentactivation

All experimentswere carriedout with a ratio energy, ~ for the growth processis now about
of AsH3 and TMG (V/Ill ratio) of 125. The 4 kcal/mol in the sametemperatureregion.This
growth temperature,determinedby a thermocou- points to the fact that the growth of GaAs at
plc placed in the susceptorcloseto the substrate, theseconditionsis determinedby diffusion of the
varied between 550° and 800 0 C. Disilane was growth speciesto the substrate,coupled to the
addedto the reactorin mol fractionsfrom 1 x decompositionof trimethylgallium(TMG) [23,241.
10-1~to 4>< i0~.The GaAsgrowthrate varied, The change of the apparentactivation energy
dependingon the growth temperatureand pres- when going to lower pressuresis causedby the
sure in the reactor, from 1.4 to 2.3 gm/h. lower residence times of the reactantsin the

The GaAs substrateswere all semi-insulating _____________ ______

and chemo-mechanicallypolished on one side.
All substratesusedin this studywere(100)20(110)

oriented.The thicknessof the grown layerswas 9 * .
- I

obtatnedby cleavingandstaining, usingan inter-
~ ~

ference-contrastmicroscope or, if necessary,a o
scanningelectron microscope(SEM). The sam- *

ples were electrically characterizedby Hall—Van
der Pauwmeasurementsperformedat room tern- 1

nerature *_**~~* 20 mbarUUUP 100 mbar

The materialquality of the grown (undoped) &A4AA 1000 mbar

epilayerswas investigatedby photoluminescence
measurements.These measurementswere per- ~ __________

formed at 4.5 K, with the samplein He exchange 0.90 1.00 1.10 1.20

gas.Optical excitation was provided by the 2.41 l000/T (K~)
eV (514.5 nrn) line from an Ar~laser with an Fig. 1. Semi-log plot of the growth rate of GaAs in gm/h

excitation density of 5.3 W/cm
2. The lumines- versus1000/Tat total pressuresof 20, 100 and 1000 mbar.
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reactorandlower collision frequenciescompared epilayers.The well resolved and highly intense
to the situation at 100 mbarso that the kinetic peakin the excitonic region, as comparedto the
control over the growth rate increasesat this also well resolved carbon acceptorpeak, is an
lower pressure[251.At atmosphericpressurethe indication for a relative low carboncontentand
Eact of the growth processis —4 kcal/mol,so the for a low residual impurity concentrationof the
growth processof GaAs seemsto be determined sample.The largestpeakin the excitonic region
by diffusion of the growth speciesto the substrate is the free excitonic transition peak and not a
but now coupledto the high temperaturedesorp- bound excitonic transition peak.This is a strong
tion of the growth speciesfrom the substrate indication for a very low impurity content in the
[21—23].However,this result is not really reliable epilayer.A third indication for the good quality
becauseof the influence of non developedflow of the sampleis thefact that higherexcitedstates
profiles in the reactorat this pressurewhich will (n = 2 and n = 3) from the free excitonpeakare
be discussedin section 4.3. So altering the total visible. Electrical characterizationof theseun-
pressure(in this temperatureregion)at which the doped layerswas not possiblebecauseevenepi-
experimentsare performed influences the rate layers up to 11 jxm thicknesseswere fully de-
determiningstepin the GaAsgrowth process. pleted.

In fig. 2, a photoluminescence(PL) spectrum
is shown for an undopedGaAssample grown at 3.2. Disilane dopingof GaAs
20 mbarandat a temperatureof 640°C.This PL
spectrumreveals the good quality and the low Fig. 3 shows the free carrier concentrationn
backgrounddoping level of the undopedGaAs (= N~— N~) in GaAs: Si versus the input mol

energy (eV) peak
1 1.5128 (A0,x)

2 1.5144 (D°,x)
3 1.5154 FX,n=l 2

4 1.5183 FX,nr2

— 5 1.5191 FX,n=3

CS

CAS
(Do,A0) (e,A°)

1

x4 xl 45

1.47 Photon energy 1.53 eV
Fig. 2. Photoluminescencespectrumat 4 K of undopedGaAsgrown at6400C with a V/Ill ratio of 125 at 20 mbar.
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Fig. 3. Freecarrier concentrationn (cm
3)(in GaAs)plotted Fig. 4. Mobility p. plotted versusthe free carrier concentra-

versus the input mol fraction of disilane. The growth was tion n (cm _3) for GaAsgrown atat 6400C with a V/Ill ratio
performedat 6400 Cwith a V/Ill ratio of 125 at 20 mhar. of 125 at 20 mbar.

tables of Walukiewicz et al. [281.The obtained
valuesof @ versusthe free carrier concentration

fraction Si
2H1, for a growth pressureof 20 mbar are plotted in fig. 5. A nearly constantvalue of

as determinedby room temperatureHall—Van about 0.3 is observed for @ for all measured
der Pauwmeasurements.In this seriesof expeni- valuesof the free carrier concentration,demon-
mentsthe growth temperature(T = 6400 C), the strating that no extracompensationoccursat the
TMG and AsH3 partial pressuresand the total higher silicon concentrations.It is remarkable
pressurein the reactor(20 mbar)were kept con- that the compensationratio remains0.3, a nor-
stant. mal value for relatively low doping levels. How-

ln this log-log plot the carrier concentration ever,we obtained this value even at the highest
increaseslinearly with respect to the disilane carrier concentrations.In the literatureone finds
input mol fractionwith a slopeof 0.95. Saturation valuesof e as high as 0.7 at thesedopinglevels
of the carrier concentrationis a common and [27].
undesiredphenomenonin silicon dopingof GaAs In fig. 6 the silicon deposition rate R5~ is

using SiH4 and Si2H6 [1,7,11,12,14,16,26,27]. plotted as a function of the reciprocal tempera-
However, no saturationis observedin the carrier
concentrationas a function of the input mol
fraction Si2H6 in our measurementsup till “~= 1.0 ~-~-=-~

6.1 >< 1018 cm
3. Similar experimentsat 100 and 0.8

1000 mbarhavenot beenperformed. 0 6
+ aIn fig. 4 the correspondingroom temperature *

*mobilities (jx) are plotted as a function of the ~ o 4
— —*-~ *-* * * J

free carrier concentration.As is visualized in this ~ * *~ *

semi log plot the mobility is linearly dependentof 0.0 L _____

the carrier concentrationand no deviation from 10 ~ to 10 ‘ 10 10

this linear dependenceis observed. With the ~
known values of the free carrier concentration

Fig. 5. Compensation ratio t9 of GaAs grown at 640 0 C with
and the mobilities a compensationratio e, de- an V/Ill ratio of 125 at 20 mbar dopedwith disilaneplotted
fined as (N~/N~),can be determinedusingthe versusthefree carrierconcentrationn (cm3).
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carrier concentration)hasthe advantageof mak-
S

ing the silicon incorporationprocessindependent
S

of the GaAs growth process.So in this manner
S

I 1 the determinedactivationenergy(calculatedfrom
10 fig. 6) more likely is the activation energyof the

2) doping processalone and is not maskedby the5)

combination of the dopingprocessandthe depo-a sition of GaAs.Fig. 6 shows that at a total pressurein the

***** 20 mbar
r a 100 reactorof 20 mbar the silicon doping processof

GaAs using Si2H6 as a dopant source has an10 -10 L_~ ~ !1000mbar* Arrhenius type of behaviour with an apparent

1.00 1.05 1.10 1.15 activation energy, E1~1,of 32 kcal/mol. In con-

1000/T (K_i) trast to this, a nearly temperatureindependent
behaviouris observedfor a total pressureof 100Fig. 6. Deposition rateof silicon R5 in mol/sm

2 as func-
tion of 1000/T for 3 different total pressuresusing(~J= 0.3. mbar (E

0~1= —2 kcal/mol). At a pressureof
1000 mbar, however,the processagain is temper-
ature dependentwith an E~5of 9.5 kcal/mol.
Note, however, that the samevaluefor the corn-

ture at various total reactorpressures.This depo-
pensationratio (= 0.3) as for the situation at 20sition rate is defined as:
mbar has been used for the calculation of the

~ = NsiM(;lA.,RoiA.,/NAvpcitA~ (mol/m
2. s), positionsof the experimentalpoints in this figure.

(1) Experimentally it appearsthat at these higher
pressuresthecompensationratio only slightly dif-

in which ~ equalsthe total incorporatedsilicon fers from the situation at 20 mbar. In the log-log
concentration, M(;A~the molecular weight of plot of fig. 6 this variation is hardly noticeable.
GaAs and R(aA~the growth rate of GaAs in
mol/m2~s. NAV is Avogadro’sconstantand PGOAS

is the densityof GaAs. 4. Discussion
Using the free carrier concentrationas deter-

mined by Hall—Van der Pauwmeasurementsand For the doping of GaAs with Si
2H-0 as a

the correspondingcompensationratio, one can dopantsource,one has to considerthe following
derive the following relation between the free chemicalequations:
carrier concentrationandthe incorporatedsilicon k I

concentration[28]: SiH4 _4 SiH2 + Fl7, (I)
/0-.

fl+9\ SiH2+H7——sSiH4, (II)
(2)

Si2H10—sSiH4-i-SiH2, (III)
in which n is the free carrier concentration

SiH4 + SiH2 —s Si2H6, (IV)
(Hall—Van der Pauw)and @ is the compensation
ratio. In our experiments0 nearlyhasa constant SiH2 —s incorporation. (V)
valueof 0.3. So eq.(1) becomesnow:

At forehandonecanstatethat the decomposi-
R51 = ~ (mol/m

2 . s). tion of SiH
4 (reaction(I)) andof Si2H~(reaction

(3) (III)) are highly activated reactionswith activa-
tion energiesof about 50 kcal/mol [29,30]. Al-

Using the silicon deposition rate ~ (eq. (3)) thoughboth decompositionreactionshaveabout
instead of the normally used quantity n (free the sameactivationenergy,reaction(III) is much
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fasterthan reaction(I) becauseof a higher pre- temperatureof about 1000 K and a reasonably
exponentialfactor in the rate equation[29,30]. high Ect [18].

For the discussionof the experimentalresults, Due to the fact that the activation energiesof
we assumethat the completely saturatedmole- reactions(1) and(III) are about equal, it is obvi-
cules SiH4 and Si2H6 havea sticking coefficient ous from eq. (2) that 6~= 6) (about 2.5 mm).
of about zero at the GaAs surface, as these Reaction (II) has a very low activation energyof
moleculesonly can adsorbphysically at the sur- about 3.5 kcal/mol [29], which leads to such a
face, whereasthe radical SiHO has a sticking greatvalueof 62 that this safelycanhe set equal
coefficient of about 1. Due to the strong Si—As to the height of the reactor.
and Si—Ga bonds, desorptionof SiH2 from the
growth surfaceis unlikely to happenin the tern- 4.1. Disilane doping of GaAsat 100 mbar
peraturerangeof the experiments.This implies
that silylene is the speciesthat will be incorpo- The depositionrate of silicon (R5~)consistsof
rated and not silane or disilane. The rate of a kinetically determined(RK) and a diffusionally
reaction(IV) is underalmostevery growth condi- (Rfl) determinedpart. Dependingon the condi-
tion negligible becauseof the very low concentra- tions (e.g. pressure,temperature,type of carrier-
tion of the silicon containing species(e.g. SiH2 gas,etc.)oneof thesefluxes will dominate.In an
and SiH4) in the gas mixture. Although in this approximatedform the depositionrateof silicon,
way the systemhasbeensimplified, it is still very in this examplecx Si2 H~,canbe expressedas:
complicatedto derive the exact rateequationfor 1 1 1
the incorporationof silicon in GaAsusing S12H(, = — + ~. (6)
as a precursor.But a qualitativedescription,which R8~ RD RK
will satisfy for explaining the results of most

Here RD equals the completely diffusionally
growth experiments,will be givenbelow. limited depositionrateof silicon throughthe bulk

Using the concept of the chemical boundary
of the gasphase,R0 = (D/h)C51,while RK is the

layer [18,19] we can calculate for reactions (I), completely kinetically controlled depositionrate
(II) and (III) the thicknessesof their respective in the boundarylayer, RK = k6C~.In the expres-
chemicalboundarylayers6~,6~and 63, usingthe sions D is the binary diffusion constant, It the
following equation[18.19,24]: height of the reactor,C0 the input concentration

and 6 the thickness of the chemical boundary

6 (1 + p)(T5/T55)I ~13 RGTS layer. This leads to the following expressionfor
(~/T~)’~ — 1 (4) the silicon depositionrate:

kC06D/h
in which T,~ is the susceptortemperature,T0 is R5~= D/h + k6 (7)
the temperatureof the top of the reactor. ~
equalsthe temperaturedependenceof the ther- Here we have usedalready the conceptof the
mal conductivity of the carrier gas(~0.7), R(; is chemicalboundary layer, which implies that we
the gasconstant,

6T is the width of the tempera- have to divide the reactorinto two parts, i.e. the
ture boundary layer which is in our case the chemicalboundarylayer itself andthebulk of the
heightof the reaction(3 cm) andEact j (kcal/mol) gasphase.A N(-VD numbercanbe introducedfor
is the activationenergyof theparticularreaction. both the chemical boundary layer and the bulk
This equationcanbe simplified to: gas phase~ This dimensionlessnumber is de-

4 ~ Instead of this N(.vI) number,sometimesa Nusscli num-

6 ~~6-r (kcal/mol). (5) her has been used.This dimensionlessnumhcr is definedE~
1, as thc ratio betweenthediffusional flux and the chemical

reaction tiux. A more correct namc for this number is S

The simplification (5) is only valid at a susceptor DamkdhlerII.
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
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fined as the ratio betweenthe chemical reaction temperatureof about 1000 K, this lengthis calcu-
S

flux andthe diffusional flux, i.e. it determinesthe lated to be about3 mm, which is larger than the
relative magnitudeof both parallel fluxes men- width of the boundary layer 63, meaning that

tioned in eq.(6). most of the SiH2 produced in this layer will
We now can calculate NCVD for the case of actually reach the growing surfaceand will be

dopingwith Si2H~,.From calculationsof the dif- incorporated.
fusional flux of Si2H~,throughthebulk gasphase
((D/h)C~)coupled to the decompositionin the 4.2. Disilanedopingof GaAsat 20 mbar
boundarylayer (kC5~6)(at a temperatureof about
1000 K and at a total pressurein the reactorof At this relative low pressure,the diffusional
100 mbar), using the known valuesof D3p.5 and fluxes will stronglyincreasecomparedto the situ-
k10055 [29,30], it follows that under thesecondi- ation at 100 mbar total pressure,becauseof the
tions the NCVD number, k10006/(D300/h), is inversepressuredependenceof the binary diffu-
larger than 1. This points to the fact that the sion constants.At the sametime, the decomposi-
decompositionof disilane is fully controlled by tion rate constantwill decreasebecauseof its
diffusion from the bulk gasphase.Thus the dop- total pressuredependence[30]. The calculated
ing processat 100 mbar total pressurewill be NCVD numbers in bulk and chemical boundary
completely limited by the diffusion of Si2H6 layer now appearto be both of order 1. So the
through the bulk of the gase phase. This production of SiH7 speciesin this case will be
favourably coincideswith the resultsof the per- determined both by diffusion and by kinetics.
formedexperimentsand alsowith literature data This coincideswith the resultsgiven in fig. 6 and
[8,9,12—141. also with literature data [14]. The value of the

When we calculate the ~ numberfor the experimentally determined apparent activation
chemicalboundarylayer for the decompositionof energyof 32 kcal/mol can be comparedto the
Si2H(, and the diffusion of Si2H6 through this theoreticalone asobtainedfrom eq. (7) using
layer, we arrive at a value in the order of 1. For
this case D Do(T/T~)I7

k1p.~1
6C

55 k1(1006 k = AT
0 exp( — E

1Ci/RT),
N~~0= C0D1000/6 = D1000 with E101 = 51 kcal/mol [30]. This exercisegivesa

valueof 38 kcal/mol, which is equal to the mea-
This implies that Si2H6 decompositionanddiffu- suredvalueof 32 kcal/mol within the uncertainty
sion in the boundary layer at this pressureare limits of the experiments.
equally important, so that the decomposition
takes place about everywhere in the boundary 4.3. Disilane dopingof GaAsat 1000mbar
layerwith the samereactionrate. This decompo- In this situationthe total pressureis ten timessition leads to the production of the radical as high as in the case of the situation of 100

speciesSiH2. It is possibleto calculatethe amount mbar. This leadsto smallerbinary diffusion con-
of SiH2 produced in the boundary layer which stantsand higher decompositionrate constants
will be ableto reachthe growing surface.Because [31] andthus to NCVD numberswhich are larger
of the fast reaction (II), the diffusion length of than one both in the bulk and in the chemical
the SiH2 speciesis given by [24]: boundarylayer. Onemay deducefrom this thatat

(8) the top of the chemicalboundarylayerall Si2H(,
will be decomposedinto SiH4 andSiH2 andthat

in which D~1~is the binarydiffusion constantof this reaction is completelybulk gas phasediffu-
SiH2 in H2 and k2 is the reactionconstantof the sion limited.
reactionof SiH2 with H2 (reaction(II)) both at Due to the fact that the total pressureis a
1000 K. For a total pressureof 100 mbarand a factor of ten higher than the situation at 100
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mbar, also the concentrationof H2 is ten times total pressures.The incorporationof silicon from
larger. This has considerableinfluence on reac- S12H6 in GaAs is almost linearly dependenton
tion (II), i.e., it causesa large increaseof the the input concentrationof disilane in the range
production of SiH4. A consequenceis that the from 4>< 1017 up to 6.1 X l0i5 cm

3. No extra
diffusion length of SiH

2 (eq. (3)) becomessmaller compensationdue to the amphotericbehaviour
than the width of the chemicalboundarylayer63. of silicon in GaAs is observed,even not in the
So insidethis layer all SiH2 will, in practice,have sampleswith the highest silicon concentrations.
reactedto SiH4, except for the fraction that is By applying different total pressureswe investi-
determined by the SiH4 SiH2 + H2 equilib- gated the pressure dependenceof the doping
rium. This fraction will be very low due to the process.At 100 mbar no temperatureeffect is
highconcentrationof H2. found.The dopingprocessis completelybulk gas

Becauseof the equilibrium, the silane concen- phasediffusion controlled with an activation en-
tration will remainalmostconstantin the bound- ergy of — 2 kcal/mol. This is in contrastto the
ary layer. So at 1000 mbar, doping with Si2H6 experimentsat 20 and 1000 mbar where activa-
effectively appears to be doping with SiH4. tion energiesof 32 and 45 kcal/mol are mea-
Therefore an activation energyof about 40—50 sured.At the lowest total pressurethe decompo-
kcal/mol is to be expected.In a reactorwith fully sition of Si2 H~1almostcompletelydeterminesthe
developedflow and temperatureprofiles, we in- silicon depositionprocesswith a small contribu-
deedfound an activation energyof 45 kcal/mol tion of bulk diffusion. At 1000 mhar the decom-
[9]. However, the resultspresentedin this paper position of SiH4 insteadof Si7H.~determinesthe
give an activation energy of only 9.5 kcal/mol. silicon incorporationprocess.
The large difference between these two values So in conclusionSi2H(, is a good n-typedopant
can be explainedby taking into account the flow which can be used in a wide dopingrange, from
profiles at 1000 mbar in this reactor which is 1017 to l0°~cm

3, without exceptionally high
build for low pressures.Calculations reveal that, compensationratios. To avoid differencesin dop-
at 1000 mbar, in this relatively high cell (3 cm), ing levels dueto temperaturegradientsover the
memory cells and spiral rolls are presentdue to wafer, one shouldgrow at total pressureof about
the high Grashof(~ 2100) and Raleigh numbers 100 mbar.
(~3000) [32], whereasfully developed laminar
flows arepresentat 100 and20 mbar in the same
reactor.As the theoryof chemicalboundarylayer Acknowledgments
only works well in fully developedflow profiles,
as wasshown in an earlier paper [9],we only can The authorsaregreatlyindebtedto S.M. 01st-
rely on the experimentalresultsobtainedin this hoorn for performingand discussingthe photolu-
work at 20 and 100 mbar. For atmosphericpres- minescencemeasurementsand to G. Bauhuisfor
sure datawe refer to the data obtained in our performing the electrical characterizationof the
earlierwork [9]. samples.This work was financed by NOVEM,
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total pressureandthat consequentlythe apparent
activation energychangesaccording to the step References
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