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THERMAL Alfi) OPTICAL EMISSICK RATES AMjr CROSS SLCTICHS FROM THE 

IMPURITY PHOTOCURRENT AND ^lOTOCAPACITAKCE METHODS1 

* * fill A  I I I 
^| C, T. Sah, L. Porbcs, L. L. Rosier r and A, F. Tasch, Jr.'jUJ 

QO  I.    Introduction 

Electrical and optical properties of impurity centers in serniconduc^ors 

such as energy level scheme, thermal and optical cross sections, and therr-al 

emission rates have been measured and studied using the steady state and 

transient pho—conductivity measurements,"infrared-absorption,-Hall'effect 

and conductivity over a wide range of temperatures, thermally stimulated 

conductivity and bther methods.^ These measurements are performed on unifcn» 

sairple near thermal equilibrium where both emission-and capture-of electrons 

and holes at the center proceed at comparable rates. The nonlinearity and 

the carrier concentration dependences of the capture processes result in 

complex photoconductivity decay and large uncertainty in the cross section 

data. In this paper, several measurement techniques of these'thermal end-optical 

parameters using reverse biased p-n junctions are discussed which have simple«: I o 

exponential decays: since the capture rates are negligible. Detailed measurements 

have been made on the gold acceptor and donor centers in silicon.- 

II.   Thermal Emission Rates from Dark Junction Current and Capacitance Transients 

The thermal emission rates of electrons and holes, e* and et1 from the 
n    p' 

Impurity centers are obtained by either the dark junction capacitance or current 

transient or the photocurrent transient under square wave illumination.discussed in IV. 

The dark capacitance transient experiments wpre performed by recording the 

high-frequency small-signal capacitance of a PtM (p-side very heavily doped corpsMd 

with n-side which has a- spatially uniform impurity concentration of Nj) or N+P 
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diode after the junction voltage is switched f^om 0 to e large rr-erse bias -V . 

The capacitance rise with tine after switching comes fro» theemi  „u of the 

electrons at. the.lmpurity centers in-the depletion-region which^ere trapped 

when VR»0. This is given by 

C2(t) . qNI(t)A?mir(vD+vR) m 

where Kg is the static dielectric constant of the semiconductor, e .e.SSxlo"11* 

r/cm2, fM i. the junction barrier height «t zero biat,^ is the^nagnitud. of the 

reverse bias, and A is the junction area. 

The net ionized impurity concentration contains both the fixed shallow 

level donor of the n-type side and the trapped-electronsr«« the-deep-level vrw-le^ 

impurity, centers whose properties are to be determined. For a FtM junction,' 

these are given by 

HjCt) ■ ND ♦ pT(t)      donor-like center 

(2) 

* ND " nT(t^      acceptor-like center 

For H*P junction, the sign of the time dependent ten« «re changed. The trapped 

hole, pT(t), and electron, ^(t), concentrations are given by the solution of 

the linear kinetic equation dn^dt-Ce^n, - a^ whar. K^.n^ l. th. tetal 

deep level impurity concentration. The initial and final conditions are 

V0)-VV<Vnl" (3) 
1 NTT (P+N Junction) (3A) 

' 0 (N*P junction) (3B) 

and 

(•») 

The solution for the trapped electron concentration is then 

V*) ■ V-) * fV0) - V-)w-t/T0K) . \     ($) 

where r^-l/Ce^eJ). 
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Thus, . measurement of the tine constant gives Erectly the sum of the emission 

rates. Additional data of C?(0) and C?(.) «nd ND from control sample would give 

N^ [from C2(0) and ^ for | P+N junction] and the ratio eVe* so that e
1 and 

t   v . n P       n 
ep can be individually determined. 

The capacitance method is limited by the instrument response and is 

particularly useful at low temperatures vhere the thermal emission rate, ar.  . 

long. Typical experimental data of a ,,old doped silicon PtM diode is shown in 

Fig. 1 (.) and (b) indicating the expected behavior and the true exponential 

response. 

Tor higher temperatures when the junction current is sufficiently high, 

the emission rate, can be determined fro« the wavforB • of the dark junction 

euxW transient during < , switching from 0 to a large reverse bias -V . 
R 

The junction current contains two component during the transient phase after 

•wlthdng fro« 0 to -VR. the ccr^ctlon and th. dlsplacemo.t currents. Thes. 

, «re given by 

lcn(t) ' AJo q(dn/dt)Tdx " <l«X(t)W(t>A    Vf(x> (6) 
and 

fi r 
ld(t) ■ AJo q(dnT/dt)(x/W)dx - (qA/2)(dnT/dt)W(t) (7) 

Whin W if th« width of th. transition region, ^V^VptV^/q^M, 

i*mhrii :- th« -^«ron .mission rate ft«, the Center, dn./dt and nT «r. 

flvn by (5).   The two currant components art avaluat.d at x-H.   Th. total  . 
junction currant Is then 

«h«. ^M-H^M i. „!».„ „„ (5).   Thu.i . , ( of th< ^^ 

1(0)/1(.) . (l/JKl . .*/.;)(VWJ (^H Junctl«,) 

" a/»" • •WH»./».) (H»P action) <V> 
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and th. decay tin,, constant Wl/(eW). vould give •* and aj directly If 

W does not chance appreciably with time or W »W^, when K «N . If M  is 

conparable to ND (or B^), then a. correction from WJ9m can be made using the 

capacitance data.  A typical experimental data is given in rig.2(a) and (b) 

showing slight departure from true exponential due to W«W(t). 

HI.  Optical Cross Sections from Photocapacitance and Photocurrent at 

Low Temperatures 

^ ^ The optical emission rates., e^ and e°. and the optical cross sections, 

•Xtt-W*.) anl e°Sa°(Mtt)*(Mtt) where *(«.) is the monochr^natlc-photon flv< 

at K«, can be obtained readily at low temperaturs. whan the themal emission 

rates are negligible. Under this low temperature condition, the re.ulta 

obtained for the high temperature dark capacitance and current transients 

given by (1) to (9) are all applicable here provided that aj 1. replaced by .° 

and ej 1. replaced by ,•  The waveforms of both the C7(t)\n4  i(t) transient. 

are identical except that an initial current spike in the dark current tranaient 

does not appear here. 

An .ddltion.1 v.ri„bl. p.r.Mt.r in ,h... Ph,to.x«l,.tlon.. n« mlia>1. 

In th. d.ri, or th.™! .«imlon In .«tlon 11. 1. th. «». l.n(!th 8f u,,,,. 

r« « d«p i«i not .xactly j^.,, „ th. nUiiif i>((gltl6n> th< ^^ ^^ 

«n b. «M .. th« .lth.r .» or ,» 1. Md, zm,    ror ,x^u< „^  , ^ 

told dop.d SI IpMfa, « 770K.. „,. mmllm 1#v4l u UeMi M ^^^ ^ 

"d VV0-« •»•    Th.n with K«.0.5e .V, .. „„. .o>0 ^iu ,..„_ Sii!>poM ^ 

th. Motion 1. «ltch.d f« , t. .^ „„„. „„ „ „o, .^ thtn ^^^ 

lltht .,th ..s. .V U dlr.cSCto th. action.    Th. action cp.clt.nc. ...ad rU. 

-1th . tl« con.t.nt of ,m.u,l .nd th. r.tlo of lnltl.1 to flnü v.lu. 1. 

»CV«.»)».!^,^, ,1^, ,„. r.tl0 VSi   „ t|)# phn„atrry „ ^^.^ 
to X.,VEv. .• b.co«. „,„„„ .„„ To)I.1/(.o<.o)>    In aWitloni th< ^^^^ 
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ratio becooMS CC(0)/C(-)]2c[i-(NTT/ND]/[i-(MTT/MD;a°/(e^.o^)].    Sine« N^/Mp was 

already datermirod at longor wavalorpth, both a0 and 00 can ba datormlnad, 
n    p 

Explicitly, for an acceptor laval located above nidgat . jch at gold in Si, 

we have 

(•J/«n)x ■ CC(0)/C(-)]J - [C(0)/C(-)]^ (10) 

where X is the wavelength of light with Mu»!^.-^ while W is that with 

^'V^V'V A tyPical •xperimental data showing the feature just described 

is given in Fig.3 where the 0.59 eV photoexcitation remove all the electrons 

trapped at the gold acceptor level, Ec-ET«0.5i* eV, giving a capacitance change 

of 6.0-5.2-0.8 pF while at a shorter wave length of 0.67 eV, phbtoemission-öf? 

holes results in a steady state trapped electron concentration of n-C»)^— 

"ep/(ep*en)'C6,o2"5,632]/C6'o2"5*223el/2'1 80 that ••/<-l.X.*t70i67 eV. 

IV,   Optical and Thermal Emission Rates from Photocapaeitance and Photocurrent 

at High Temperatures 

Thrse type of initial conditions for the trapped charges, n-CO), can be 

employed in this most general case where both thermal and optical emissicis must 

bs included in analysing the experimental data. These are: (l)the dark steady 

«täte, (2)the equilibrium and (3)band-i«npurity photoexcitation at two different 
and denoted 

Intensity levels. (1) vas previously proposed/as the irapurityphotovoltaic effect.-7 

(2) makes use of the same initial condition as in section» II and III and provides 

simplification and unique interpretation of results because of asymmetry between 

electrons and holes and (3) can be used to extend the light chopping rate to 

nanosecond speed using electro-optics techniques. We ahall describe only the 

Initial condition listed under (1). The other» are discussed elsewhere.^ 

For the type (1) initial condition, we suppose that the on-duration of the 

square wave light is much longer then the rise time constant, t vM«J/(e
t*e0*et*e0) 

t'l   n n p p * 
then during the tum-on transient by light with junction reverse bias -V on at 

e 
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all tin«, w« have 

vo>-vy(vv <ll> 
and 

V-) ■ "TIC<'^P0'/<^«°«X>3 ***** (ls) 

n-Ct) is given by (5) with X^IHAAHSA,   V... t'fr^v.n; f:^:   v ' • \jn n    n   p   p ■ 

Th« initial and final valuoa of nT during the tum-off ph«««,
:#«0, ar« just 

those given by (11) and (12) interchanged and n-Xt) is still given by (5) but 

The capacitance transients during turn-on phase will either rise or decay 

depending on the ratio of optical to thermal emission rates. For a P-»N diode, 

j        the capacUance will, (l)rise if <•*/•£)<<«°/e£), (2)stay constant if (ej/e^^e^e0) 

•  . or (3)decay if (e*/ej)>(e°/e°). <!> «nd (3) are Interchanged during the tum-off 

phase. The capacitance transients can be used to determine the sun of et*et and 

totooo "^ 
•n n V*p 0r *n+ep from th6 turn"on *nd turn-off time constants. In addition, 

j        a ratio of ej/e° or ej/ejj can be determined If H^ (or HA) and N^ are determined 

l        from other experiments. 

The photocurrent transient can be obtained directly fro« (8) using (5) and 

the initial and final values given by (11) and (12).if the thermal emission rates 

in (8) are replaced by the total emission rates, e M%e0 and e «e^e0. The 
n n n    p p p 

total current during the turn-on phase is given by 

l0||(t) ■ (<iWA/2)C(eJt«°)pT ♦ (eSe^n^ 

" <™4VP'<VV
] * 5{('nS-n-pO)(-n-r)/(-X><VP>3-«P<-t/t0H)} 

for the caae of constant W or low M^ compared with Mr or KA. This Is also valid 

for arbitrary N^ in a ?♦«♦ diode operated in the punch-through mode so that W 

Is the width of the constant Z-layer. 

•    • 

_ 



Th« turn-off phasa currant can ba readily obtained in the aamo way and 

is obtained from (13) by interchanging et*e0 or e with e* and eVe0 or e with 
n n   n     n    p p    p 

* 

? P 
« 

Due to the abrupt change of the emission rates at t«0 and t«t-M when the ON 

light is twned on and off, photocurrent steps are obtained and denoted by S0K 

and S0rr d8 indicat,<1 ln ^6» •• These are given by 

H S0N -qAM^eV ♦ eV)/2(e%e!) 

and (l«») 

Sopp-qAN^WCeVteV^e^p^Ce^) 

The total photocurrent transient, excluding the initial step, are denoted by 

A0N and AOFF ^n ^'* i>* The8e ara given by 

and 

A0H r -(<»AV/2><^-n^><Vp>/<*X)(*B%) 
(IS) 

It can be readily shown that|A0N/S0N|< 1 and |Äorr -orri 

orr  'v * i " "n'p ~n"p""n p" "n'p"~n 'p" 

.| < 1» This Man* 

that the initial steps of the turn-on and 'rurn-off transients must be greater 

than one-half of the total steady state photocurrenti S01| ^ Agj/2 and 

sorr.l Ass/2- 

Three shapes of the turn-on and turn-off phase transients are possible as 

illustrated in rig.H(e\ They correspond to positive (♦), sero (0) and negative 

(-) values of t^  and &Qrr,    Only six combinations of the turn-on and turn-off 

transient waveforms can exist which are (ON,OFr)» (00), (0*), (-0), (♦♦), (—) 

and (-♦) as illustrated by the map shown in Fig. i»(d). Zn thla map, the behavior 
2 

of C (t) corresponding to the three cases discussed previously is also indicated. 

The meisurements of TON. Torr, ^^/^ and ^OJinorF can in principle 

provide enough Information to determine all the four emission rates, e* e*. e0 and 
9   tk*   p*   n 

-7- 



•p. Hc««v«r, an «nbigulty arises di.e to th« complete symmatry of tha results 

with respect to electrons and hol«s and It la not possible to distinguish a* 

fr0m % nor •n fron %*    Howove»'. a determination ot tha ratio a0/e0 by getting 

below the threshold of e° or e° or a determination of the ratio e*/et fron dark 

current transient described In section II will then allow a complete detemlnation 

of all of the four emission rates unambiguously. It Is noted that a knowlege of 

tha Impurity concentration, IL«, is not required. 

.* Typical results of the photocurrent transient showing tha predicted 

faaturf.8 of current steps and-elther initial rise or decay after the step are 

given in Fig. 5. This was taken on a gold doped silicon PIN diode and tha 

photoresponse comes fro« the gold acceptor level located at E^IL-0.5«» aV. 

V.    Experimental Results 

Experimental results ai>a obatlnad for the gold centers In silicon using 

tha methods just described. Tha gold impurity has two energy levels in the band 

gap of silicon whose themal activation energies are:' „acceptor level, E^-E  .0.5«» aV 
. C Au- 

and donor level, ^-E^O.SS eV.^ The themal emission rates of electrons and 

holes at the acceptor lovel, e^ and ej0, and the themal emission rate of holes at 

«the donor level, ej^, are determined by the dark capacitance and current 

trar-lants described in section II. These are graphed as solid dots and triangles 

In rig.6. The thermal rates at the acceptor level weraalso obtained f^om tha 

high temperature photocurrent experiment described in. IV and are shown as circles. 

Vl cannot b* ^•"in«<J from the photocurrent experiment descried since tha -.  • 

donor level is Inactive during the transient. The electron emission rate fron tha  ' 

donor level, e*o, is too slow to be messurcd In all of these experiments. 

Data fron other experiments are also shown in Fig. 6. Tha pulsed field 

affact^ata are ahown aa^ and tha nolae corner frequency UtJtrU  shown-as 0 . 

-0- 



Th« optlc*l cross saetlons art obtained fro« «Ithar tho low temperaturo 

-photocapadtanca translsant shoim in .oetlon III or th. photocurrant tranai.nt* fh*m 
0 * 

discussed In section XV. Theaa are shown In «Hg. 7. fht data are taken at 

about 100oK and essentially independent of temperature ad indicated by data at 

188 K at 1.80 microns. 

• 
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Caption of riguraa 

1. Th« dark capa<?itanca- tranaiant wnvofom of a gold dopad ollicon P+M junction. 

(a)x-y raeorder traca and (b)AC va tlraa chowlng trua axponantlal dacay. 

2. Tha dark currant transiant wavaforw of a gold doped alllcon P+N junction. 

(a)x-y racordar traca and (b)Al vs tima showing Initial nonaxponantlal 

dacay dua to W«W(t). 

9. Low tamparature photocapacltanca transient wavaforra at tha gold acceptor 

cantar In a gold dop^d alllcon P*N dloda. Curva labeled 0.59 aV corresponds 

to optical excitation of alectrona only while that of 0.67 aV contains both 

. optical excitation of alectrona and holes at tha gold center of E.-E-.0.5U aV 

-and E -E «0.62 eV. 
■ 

H. The waveforms (a), (b) and (c) of the high temperature phctocurrent 

tranalent with VRKVR(t). Part.(d) ahow. that nap relating tha wave form in 

(c) to the ratios. •J/«!* eW nd e°/aj. 

5. Examples of experimental traces of the photocurrent waveform dua to tha gold 

acceptor level in a silicon PIN diode. 

6. Experimental data of emission rate va temperature.from experiments described in 

sections II and IV and from email aignal pulaed field effect-0 and from g-r 

noiae data©. 

7. Photoionlzation cross sections of electrons and holea at the gold acceptor 

center and gold donor center in silicon at about 100oK. Tha data of o0  of the 
P-l 

gold donor level are obtained from the low temperature photocapacltanca 

method described in section III and the data of ^  and f^ are obtained fro« 

the high temperature photocurrent method described in section I/, 
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