
Solid StateCommunications,Vol. 20,PP. 131—133,1976. PergamonPress Printedin GreatBritain
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D statein phosphorus-dopedsilicon hasbeenstudiedby meansof long-
wavelength(submillimeterplusmillimeter) photoconductivitymeasure-
ments.The concentrationdependenceof theD statespectraindicates
thetransitionfrom an isolatedD stateto a stateof anelectronboundto
more thanoneneutraldonors,D;. A [100] stressexperimentrevealsthe
effectof the donorcore potentialon theD state.

D (or A~)statesin semiconductorshaverecentlyattrac- (ii) The secondoneby extrapolatingthe low energy
tedstronginterestamongsemiconductorresearchers, slopeof the photoconductivitypeakwas employedfor
associatedwith variouspropertiesof the impurity states. the relatively pureGe without stress1andunderstress.2
We havestudiedtheD statesin Ge by measuringthe (iii) The third oneby fitting the photoconductivity
longwavelengthphotoconductivitiesin dopedGe in a per photoncurve of theD stateto the theoretical
spectralregion from 100~zmto 3mm,andin theexperi- absorptioncrosssectioncurve of ir calculatedby
mentsof Sb-dopedGe under[111] stress,we obtained Chandrasekhar7wasusedfor relativelypureGeunder
an indisputableevidenceof the existenceof D states stress.2
in Ge.1’2The presentexperimentshavebeenperformed Thesethreemethodsgaveresultsconsistentwith
to extendtheabovemethodto the studyof D states one another,sothat thesecondmethodhasbeenem-
in Si. ployed for the electronaffinity determinationof the

The submihimeterphotoconductivityin dopedSi D statein Si giving the energyto be ‘-~ 1.7meV for
was first measuredby Gershenzoneta!.3’4who used 1 x 1015cm3 P. The curve fitting mentionedaboveas
backwardwavetubes,andrecentlystudiedby Norton the thirdmethodis shown in theinsetof Fig. 1, where
usinga Michelsontype Fouriertransformspectrometer.5 thethresholdis assumedto be 1.73meV. However,it
Accordingto Gershenzon4thephotoconductivityspec- is to be noticedthat thereexist a manyvalley effect
trumof P-dopedSi hasthe maximumat about2.3meV. in theD stateof Si without stress.2Therefore,it is
In hispaper,the impurity concentrationis not accurately notobviouswhetherthe analogyof theD stateto the
described,thoughit is indicatedin thefigure caption H canhold in this caseor not.
as 1014_lOiscm3. On the otherhand,Nortonmeasured The upperpartof Fig. 2 showstheconcentration
the photoconductivityin Si with 4 x 1016cm3Pand dependenceof thephotoconductivityspectrain P-doped
estimatedtheelectronbindingenergyof theD state Si. With increasingthedonorconcentration[(a) 1 x iO’~
to be 3.7meV which is very closeto that foundby cm3to (b) 7 x 10’5cm3], thehigherenergycomponent
Deaneta!.,6andhealso suggestedthat theD state of thespectrumincreases,andfurther increaseof the
energymustasymptoticallyapproachto 2 meV with concentrationresultsin anappearanceof the photocon-
decreasingconcentration. ductivity maximumat thehigherenergyregion [(c) at

In the presentexperiments,we measurelong-wave- ‘-~8 meV], andthen thespectrashift to thehigher
length photoconductivitiesof P-dopedSi sampleswith energyside for concentrationsabove4 x 1016cm3
variousimpurity concentrationsat 1.5—4,2K.According (d ande). The spectrumfor the smalldonorconcentra-
to the spectralregion,we employ alternativelyalamellar tion (1 x 1015cm3)is believedto correspondto
grating Fouriertransformspectrometeranda Michelson isolatedD states,becausefurtherdecreasesin donor
type one. concentrationsdoesnotchangethespectrumof a.The

Figure 1 showsthesubmihimeterphotoconductivity spectra,b, c,maybe explainedby theassumptionof the
spectrumfor P-dopedSiwith a smalldonorconcentra- coexistenceofD statesandD states.Thelatterim-
tion of 1 x 1015cm3 at 1.5 K. plies thestateof anelectronboundton neutraldonors

We havedeterminedelectronaffinities ofD states (n ~ 2). The coexistencecanbe verified by themeasure-
in Geby the following threemethods. mentof thetemperaturedependenceof the spectrumc,

(i) The first one by measuringthetemperature asshownin the lowerpartof Fig. 2. In thefigure, all
dependenceof the intensityof the photoconductive thespectralcurvesarenormalizedat the maximaof the
responsewas appliedto relatively pureGe samples curves.With increasingtemperaturefrom 1.5 to 2.1 K
without stress.1 thelower energycomponentdecreasesandvanishes.
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Fig. 1. Submillimeterphotoconductivityspectrumof 2 0.5 : ‘~.. — - — 1.9 K
P-dopedSi of low impurity concentration.The inset . 2.1 K
showsthecomparisonof the photoconductivitiesper (9)
photon(solid curve)with thetheoreticalabsorption ________________________________
crosssectionsof W (dottedcurve),wherethe frequency 0 5 10 15
v dividedby the thresholdfrequencyL’j is chosenasthe Photon Energy (meV)

abscissaand themaximumheightsof boththe curves Fig. 2.(I) The concentrationdependenceof thesub-
arenormalizedto unity. millimeterphotoconductivityspectraofF-dopedSi. The

donor concentrationsare(a) 1 x 1015cm3(b) 7 x 1015
This resultmay beinterpretedas follows. Thequasi- cm3(c) I x 1016cm3(d) 4 x lO’6cm3and (e) 1 x 1017
Fermilevel of theelectronsis situatedright belowthe cm3.(II) The temperaturedependenceof thespectrum
D stateandthereforethe electronpopulationin the cin (I).
D stateis stronglyaffectedby thetemperaturechange,
while that of the deepD~stateis almostunchanged. Ge underthe [111] stressasshownin thelower partof

Uniaxial compressivestressexperimentsare carried Fig. 3. The behaviorof theD statein Si understress
out for the studyof themanyvalley effect on the iso- correspondsto that in Ge at thehighenergyregion, and
hatedD statein Si. By applyingstressparallelto the theappearanceof a newphotoconductivitymaximum
[100] crystallineaxis,the six conductionbandvalleys at low energyregionwith increasingstressobservedin
becomeinequivalentin energy;that is, the energyof Geneveroccurin P-dopedSi. Thelackof the appear-
the two valleyswith the principal axisof theenergy- anceof low energymaximumin Si meansthat undera
ellipsoid parallelto the [100] stressis lowered,while sufficient stress,theboundstateof anelectronat a
the otherfour valleys areequallyelevatedin energy. neutraldonor,D state,cannotexist or the stateis
Thus,the conductionelectronsare accumulatedinto tooshallowto be detectedby the presentmeansof
thetwo [100] valleys, detection.The chemicalshift of thedonorgroundstate

The energyseparationbetweenthe bottomsof the in P-dopedSi is very largecomparedwith Sb-dopedGe.
two [100] conductionbandsandthoseof the other Assuminga singlebandfor simplification, the
conductionbandsis givenby effectivemassHamiltonianof the donorgroundstate

and theD stateare givenby
L~EC= X(s

11— si2)Z~, (1) h
2 e2

whereX is themagnitudeof stress,s~arethe elasticcom- HD = — —~V2— — + ~ V, (2)2m
plianceconstantsandZ,~is thesheardeformationpoten- h2 h2 e2 e2
tial constant.By usingtheknownparametersfor Si, we HD- = — —~ V~— —i V

2 — — — —_

seethat theenergyseparationof I meV is broughtby 2m 2m Kr! K~2

applyingstressof 1.13 x 1 08 dyn/cm
2.The upperpart e2

of Fig.3 showsthe uniaxial stressdependenceof the + + L~V~+ ~V
2 (3)

photoconductivityspectrain Siwith I x l0’~cm
3 P,

whereX is changedfrom 0 to 2.1 x i08 dyn/cm2at wherem* is theeffective mass,~ is thestaticdielectric
1.5 K. With increasingstress,thephotoconductivity constant,subscriptsin equation(3) denotethe coordin-
maximumshifts a little to the lower energyside while atesof the two electronsand z~Visthecore potential.
the intensityof the photo-responsedecreases.Theesti- The electronaffinity of theD statecanbedefinedas
matedelectronaffinity of theD stateat (1—2.1)x the differencebetweenthedonorgroundstateenergy
108 dyn/cm2 is —0.8meVand above2.5 x 108 dyn/cm2, ED andtheD stateenergyED-:
the photo-responsebecomestoosmallto be detected.

J=ED—ED-. (4)
Thoughthisspectralchangeindicatesthemanyvalley
effectin Si, it is quitedifferent from that in Sb-doped In the caseof ~V = 0, which canhold approximately
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0 -S 9 x Fig. 4. Schematicenergydiagramsof D states.(i) The
C 1.5 K core potentialis verysmall. (ii) The corepotentialis
0

> •i ~cC considerablylarge.- -- b statein P-dopedSi becomesnegativeor neatlyzero,-d (II) which meansthat theboundstateof theD state
I I I I I cannotexistor is extremelyshallow.This energyrela-

0 1 2 3 4 5 6 tion is shownin the right handside of Fig.4. Thus,the
Photon Energy (meV)

disappearanceof the photoconductivitymaximumat
Fig.3 (I) [100] compressivestressdependenceof long- thelow energyregionwith increasingstressis well
wavelengthphotoconductivityspectraof P-dopedSi. explained.
Themagnitudesof stressin units of dyn/cm2 are(A) 0, In conclusion,theD statein P-dopedSi is stable
(B)-’--0.4x 108(C)1.l x lO8and(D)’2.l x108.
(II) [111] stressdependenceof long-wavelengthphoto- onlyby the manyvalley effectandbecomesunstable
conductivityspectraof Sb-dopedGefor comparison, whenthe electronsare confinedintothe [100] valleys
Themagnitudesof stressin units of dyn/cm2are (a) 0, by applyingstressto the crystal.Thespectrumof the
(b) — 1.3 x 108(c) ~- 1.8 x 108(d) 2.5 x 108 (e) D statein P-dopedSi at the impurity concentration
~ x 108 and(f) —6.0x 108. of 4 x 1016cm3 [(d) in Fig. 2(I)] correspondsconsist-

entlywith thosereportedby Norton.5On the other
in Sb-dopedGe,the donorgroundstateenergy,—Ry*, hand,the maximumandshapeof theD statespectrum
andthelowestenergyof theD state,— 1.05545Ry*8 in P-dopedSi reportedby Gershenzon4differ consider-
are obtainedfrom equations(2) and(3) without iSV, ably from our resultsfor thesamplewith 1 x 1015 cm3
whereRy* is theeffectiveRydberg.Theleft handside p, thoughtheenergyobtainedby extrapolatingthe low
of Fig. 4 showsschematicallytheenergyrelationin this energyslopeof the peakin his datais almostequalto
case.However,whentheeffect of the donorcore po- that in our experiment.
tential cannotbeignored,as in P-dopedSi, the donor
groundstateis situatedat a considerablylowerenergy
than thatby the effectivemasstheory,while theD
stateenergymaybe a little largerthanor not largely
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