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Transient ion-drift-induced capacitance signals in semiconductors
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A theoretical model is developed that describes capacitance signals induced by drift of mobile ions in the
space charge region of a Schottky diode. Pairing between the diffusing ion and the doping impurities is taken
into account. The coupled partial differential equations are resolved numerically and the influence of key
parameters on the signal shape is analyzed. Special emphasis is put on those features that enable transient
ion-drift- (TID-) induced signals to be distinguished from capacitance transients caused by deep-level carrier
emission processes. Relaxation kinetics and reverse bias dependence of the signal shape represent two reliable
tools to verify the ion-drift nature of the signals. Methods for extracting quantitative information on both
diffusion and pairing properties of the mobile ions are described. The question of whether pairing or diffusion
is limiting the process is addressed. The influence of the doping level on the signal time constant is used to
evaluate whether or not the diffusion is trap limited. A semiempirical model is described that permits the
estimation of diffusion and pairing coefficients without resolving numerically the differential equations. Ex-
periments are performed on interstitial coppepitype silicon to test the predictions of the theoretical model.

An overall agreement is found between theory and experimg®@4.63-18268)07331-1

I. INTRODUCTION in the presence of acceptor-donor pairing. It was shown later
that, when a high temperature anneal is followed by quench-

Numerous mobile impurities have been reported to drifting the sample to room temperature, most copper atoms re-
under strong electric fields in semiconductor devices. In thenain interstitially dissolved for several hodfsThis result
early 1960s, extensive Li drift studies were motivated by themade TID analysis suitable for detecting low copper concen-
need for high resistive materials to be used in nucleatrations in silicon in the framework of contamination, getter-
detection? More recently, atomic hydrogen in silicon was ing, or diffusion barrier studies.
investigated by a large number of research graqsps Ref. 3 Numerous highly mobile impurities exist in compound
for a review. Hydrogen drift and diffusion were observed semiconductors as well. Ag and Cu in binary and ternary
using capacitance voltage measurement in kptippe and compounds were shown to diffuse over macroscopic dis-
n-type silicon*® Time-dependent capacitance signals occurtances even at room temperature and are of considerable
ring during ion drift were first reported by Johnson and Hen- technological importance for device applicatidifecently,
ning on hydrogenated silicBrand led to new data on the Lyubomirsky, Rabinal, and Cahen used TID to study room-
atomic hydrogen charge states and the corresponding deégmperature diffusion properties of Ag, Li, and Cu in CdTe,
levels in silicon. Cd, Hgo sTe, and CulnSg™*

Transition metals in silicon constitute another example of lon-drift-induced capacitance signals carry information
highly mobile defects in semiconductors. Drift of interstitial about the diffusion properties and concentration of mobile
iron in silicon was studied by photocapacitance and deepimpurities. If the mobile ion is involved in a reaction be-
level transient spectroscogPLTS) measurementsDue to  tween defects, such as acceptor-donor pairing, the signals are
the average neutral charge state of iron in the depletion ranfluenced by the corresponding dissociation and capture
gion, this process was found to be limited by an electrorrates as well. In Ref. 11, Heiser and Mesli derived an ana-
emission step. Interstitial copper (§us the fastest known lytical semiempirical model to describe the ion-drift process
diffusing impurity in silicon. It behaves as a shallow donor and obtained a relationship between the transient capacitance
and forms acceptor-donor paftS.Preschaet all° used ca- time constant and the ion diffusion coefficient. The acceptor-
pacitance voltage measurements to observe dift and  copper pairing reaction was assumed to remain at local equi-
study its diffusion and pairing properties below room tem-librium, and was described by an effective diffusion coeffi-
perature. Transient capacitance signals induced at room temient. A more accurate model can be established by
perature by Cu drift in g-type silicon Schottky diode were numerical resolution of the corresponding diffusion and pair-
reported by Heiser and Mesft.The copper drift process was ing equations.
fast enough to occur repeatedly when a low frequency re- In the present work, a theoretical model is developed that
verse bias pulse was applied to the device. This so-calledescribes in detail the origin and properties of ion-drift-
“transient ion-drift” (TID) method! was initially applied to  induced capacitance transients. The influence of the diffusion
study Cuy diffusion properties over a large temperature rangecoefficient, doping concentration, pairing constants, and ap-
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like manner, the charge density can be altered when highly
mobile ionized impurities are present in the SCR. The deple-
tion capacitance will change when ion drift occurs. If the ion
has the same charge as the majority carriers, the electrical
field will drive it towards the neutral region, leading to a
higher space charge density and a correspondingly higher
capacitance. The ion redistribution, which occurs when a re-
1 \ verse bias is suddenly applied, is illustrated in Fi@)1The
J/ﬂ W(V) () curves have been obtained using the model discussed below.
‘ e The process can be reversed if the bias voltage is reduced.
Figure Xb) describes how thermal diffusion leads to a qua-
Viey=0V siuniform ion distribution within the previously depleted re-
gion. Under a low-frequency reverse bias pulse and adequate

02s , ; o
S 0.8s duty cycle, the ions will engender a periodical back and forth
) movement, which in turn induces repetitive capacitance tran-
sients. The corresponding transient ion drift signals carry in-

formation on the effective mobility and concentration of mo-
bile impurities. Temperature-dependent measurements yield
(b) activation energies, which in the case of a pure diffusion
1 process, are equal to the defect migration enthalpy. However,
4 6 if the ion is trapped along its diffusion path, then the activa-
depth (um) tion energy of_ thg ion drift process will be mo_stly determi_ned
by the trap binding energy. The concentration of the diffu-
FIG. 1. (a) Calculated solute depth profiles after various drift SION Species is directly related to the signal amplitude, as will
periods at a reverse bias of 5 V. The dashed line represents the edgg discussed in Sec. Il
of the depletion region(b) Relaxation profiles after several periods
at 0 V. The initial profile was obtained afté s at 5 V. Forboth B. Differential equations
figures the parameters were taken as listed in Table I.

B8 V=5V

Niot (1014cm-3)
o

A better understanding of ion-drift-induced capacitance
. . . . signals can be obtained by solving the coupled differential
p.“eid voltﬁge_ on thetshapte;] of thf s;gnal I?hlrlvestlggted. Sgl’e'quations that govern the diffusion process. The model de-
clal empnasis Is put on those Teatures that can be use loped below describes the ion drift across a reverse biased

g'sun?u's? |on.—dr|ft-|r)du.ced signals frg)rrr? m(t)rel_ c%mmon Schottky diode, assuming a constant diffusion coefficiBnt,
eep-level carrier émission processes. the rate-limiing prog i sion-limited trapping of the mobile iofor solute at

cesses as well as the accuracy of the simplified analytlcq e doping impurities, and a thermal dissociation of neutral

model are discussed. Interstitial copper in silicon is used as gblute-dopant pairs. We also assume that the majority carri-

- Brs and solute ions carry the same electrical charge, that the
! . o ; rTBackground doping is uniform, and that the minority carriers
mfe rt]he mﬂuencc_allof pairing on.TIDhS|gnaIs. ﬁ comzle:]e StUdyand doping compensation by other impurities are negligible.
of the copper-silicon system is, however, beyond the SCOpEurthermore, it is assumed that Einstein’s relation between
of the present paper. the ion mobility » and its diffusion coefficient holds.

The article is organized in five sections. Section Il de- . :
scribes the origin of drift-induced capacitance transients anﬂor-]rge solute densitiNs(x,t) obeys the following equa

the related coupled partial differential equations. In Sec. I,
numerical resolutions of these equations are given and the Neof( X,1) = N(X,t) + P(x,t), (1)
influence of major experimental parameters are discussed.

Section IV describes TID measurements done on copper difyn(x t) g IN(X,t) N(xD]  IP(x,t)
fused and quenched silicon. Comparison between experi T ax X +suN(x,t) = |~
mental and theoretical results is discussed in Sec. V. @
Il. THEORETICAL BACKGROUND JP(x,t)
=47R.DN(X,)[Agi— P(X,t) |- vP(x,t), (3)
A. The origin of transient ion-drift signals ot
Transient capacitance signals are most commonly ob- PV(x,t)

served when the charge distribution inside the space charge >
region (SCR of a Schottky diode, or equivalent device, is 2
modified by emission from traps and subsequent drift of —Ngy(L)]Je VoD V(L) KTy (4)
electrical carriers towards the bufkDue to the large carrier ° ’

mobility, the last process is almost instantaneous. The resultwhereN(x,t) and P(x,t) are the concentrations of unpaired
ing capacitance transients carry information only aboutand paired solute atoms, respectively,, is the total doping
physical properties of the defect, such as energy levels, delensity,V(x,t) is the electrical potential distributiorR. is
fect concentrations, and carrier capture cross sections. Inthe capture radiusy is the dissociation rateg is the ion

q
- 8_ {Nsol(xvt) _Atot+ [Atot
s
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TABLE |. Parameters used for the calculation of solute profile and related capacitance transients except
when otherwise specified.

Vpulse Vi Viev Aot D Rc v NsoL) T
Parameters V) V) V) (cm™d) (cm?s™ (nm  (sH (cm™d) (K)
Values 0 0.6 5 x10%  3x10°8 5 1700 16* 300
charge,e is the semiconductor dielectric constahtjs the kT p(W, 1) W(t) dp
sample thickness is the Boltzmann constans,is the sign q 1M Py p(wWh) dx W(t)_l ®)

of the ion charge state, aridis the temperature. The back-
side solute densityN¢,(L), is assumed to be time indepen- With
dent.

Equation(2) describes thermally activated diffusion and P(X,1) = A[Nso X,1) = Agot] @)
drift in the electric field and includes a recombination term toand
take pairing into account. Equati@B) represents the solute-
dopant interaction with a diffusion-limited capture rate and
Eq. (4) is the Poisson equation. For boundary conditions, we
assume no solute flux on both sample surfaces and equilib- )
rium of the pairing reaction on the back side surface. The?(X;t) represents the space-charge density, Wid) the
latter assumption is accurate as long as the sample thickneS§P!€tion width. The term between brackets in j.takes
L is considerably larger than the SCR width. The total conN0 account the difference between free carrier and space
stant voltage drop is given byAV=V(0)—V(L)=V,, charge distributions.
+Vex, WhereV,, is the Schottky diode built-in voltage and
Vex is the externally applied bias. The potential origin is . NUMERICAL RESOLUTION

chosen at the sample back&de_surfElce, \/_(I__)=0]_ In this section Eqs(1)—(8) are resolved numerically as a

n TIE.) measurements, the signal acqwsmo.n startg Wher?unction of the key experimental parameters. Two major is-
the applied voltage is changed frofyse 10 Vrey, INCréasing g eq that need to be addressed are the distinction between ion
the depletion region width. We consider that instant as theyit ang electrical carrier-emission-induced capacitance

origin of the time scale. If the pulse voltag.e was applied longyansients and the estimation of physical properties of the
enough, the system has reached a stationary state @t qpie jon. In the first part of this section we calculate the
Negligibly few solute atoms are left inside the depletion re-gq 1o depth profiles and corresponding capacitance tran-
gion, while in the neutral region, & uniform solute density, ingjents a5 a function of experimentally adjustable parameters,
equilibrium with the pairing reaction, has been establishedg,cy 45 the applied voltages and pulse length. The character-
We may thus approximate the initial solute distribution, jsfic features that are derived can be used experimentally to
Nso(x,0), by identify the origin of the capacitance signal. In the second
part, the influence of the physical properties of the mobile
_ N ion on the TID signals is investigated. The question of
Nso X<Wpuiso®) =0, Neof x>Wuise0) =Nsorr - 5 \peiner diffusion o pairing is the limiting process is ad-
dressed. Extraction of those parameters from the measured
whereW,, s is the width of the SCR undev ., With the  transients is discussed in the last part.

pairing reaction at thermal equilibriuniNg, is the average

€s

C(t)= WD

®

solute density in the bulk, which is equal s (L) and A. Characteristic features of TID signals
taken to be lower than the doping level. ]
The ion distribution will affect the SCR width and hence 1. Depth profiles
the depletion capacitand®(t). Baccaranit al® have pro- Equations(1)—(4) were numerically solved using the fi-

posed an analytical model to derive the Schottky diode canite difference method implemented in the software package
pacitance for arbitrary steep doping profiles. The model aszomsie.}” The parameters used are summarized in Table I.
sumes an abrupt space charge edge but does not involve tifae capture radius was chosen typical for acceptor-donor
identification of free carrier and doping depth profiles in thepairs at room temperatutewhile the dissociation rate was
quasineutral region. Because a strong ion accumulation at theken from measured values of Cu-B pdftsthe diffusion
edge of the SCR may lead to a significant difference betweeooefficient is chosen to fit approximately our experimental
both distributions, we used the Baccarani model to calculateesults discussed in Sec. IV. These values describe a rela-
the TID-induced capacitance signals. The depletion capactively weak solute-dopant interaction, corresponding to about
tance per unit are&(t), can be related to the solute density 20% of pairs at thermal equilibriuthThe ion distribution as
by a function of time under reverse bias is plotted in Fig) 1A
strong accumulation at the edge of the SCR is already ob-
L (wo _serve_d after a few millisecond_s. If supse_qugntly the voltage
AV= xp(x,t)dx is switched back td/p,se, the ion redistribution occurs as

€s Jo shown in Fig. 1b). The time required to reestablish a uni-
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FIG. 2. Calculated ion-drift-induced capacitance transient using <
the parameters in Table I. The dashed line represents the double -1 Lt
exponential function, f(t)=54.28-2.13 exp{-1/0.01)—
0.2 exp(-1/0.16). The inset represents a semilogarithmic plot of the
normalized signal, defined by AC(t)/AC,»=[C(t)—C(t
—)]/[C(0)—C(t—)], whereC(t—=) was estimated at=5s. 2
C. i 1 1 i 1

o . 0.00 0.05
form solute distribution is significantly longer than the time "
needed for ions to drift out of the space charge region. ()
Hence, in order to observe repetitive TID transients, the volt- FIG. 3. lon-drift-induced capacitance transients calculated either

age “pulse” should be considerably longer than the time,g ; function of the applied reverse voltage or as a function of

interval during which the capacitance transient is measureghe sum of built-in and pulse voltagés). All other parameters are
The “relaxation kinetics,” which describes the signal ampli- specified in Table I.

tude as a function of pulse length, is discussed in detail in

Sec. [I1A 4. whereW is the SCR width A~ the acceptor density at the

edge of the depletion layer, aZlthe quiescent capacitance.
2. Transient capacitance signal From Eq.(9) it follows immediately that a displacement of

The corresponding time-dependent capacitance is calciRositively charged ions inside the depletion layer towards the
lated by numerically integrating Eq&)—(8), and is shown ne_:utral region will decrease th_e capacitance. He_r_eafter, we
as the solid line in Fig. 2. The capacitance first decrease¥ill call this property thecapacitance depth sensitivityn
slightly before it increases towards its stationary value. ThdLTS analyses Eq(9) describes the influence of the trap
figure insert represents the normalized curve plotted on gepth distribution on the measurement sensitivity. In turn, it
logarithmic scale. Following the initial capacitance decreaseSan be seen from Eq9) that the absolute capacitance
a simple exponential dependence holds for almost 80% othangelAC| decreases when the total excess charge in the
the total amplitude. A qualitative explanation for this behav-depletion region is not constant. This explains the capaci-
ior can be found in the ion drift kinetics. It has indeed beentance increase that occurs during ion diffusion out of the
shown in Ref. 11 that, when the diffusion term in Eg) is ~ SCR. DLTS transients never exhibit_the initial_ drop s_ince the
neglected, the solute displacement across the SCR follows 4Hift of free carriers out of the depletion layer is considerably
exponential time dependence. This leads to an exponentialkster than the emission rate. The ion-drift-induced capaci-
increasing accumulation at the edge of the depletion regiorfance signals, however, result from a combination of both the
which in turn triggers the diffusion out of the SCR and in- redistribution |r!S|de the depletion layer and the diffusion into
creases the capacitance. Thus the drift kinetics limits théhe neutral region.
early stage of the process and leads to an exponential time
dependence. Subsequent flattening of the solute profile by 3. Reverse bias dependence
thermal diffusion gives rise to the significantly slower re-
sidual increase.

The origin of the initial capacitance decrease is related t
the redistribution of the ionmsidethe depletion layer. It has
been shown by Kukimoto, Henry, and Mertithat, in the
case of a reverse biased p junction, or equivalent device,
an excess positive chargep(x) added to the background
doping density induces a first-order capacitance chamge
given by

It is interesting to study how the reverse voltagé()
affects the signal shape, even though only a minor influence
s expected. Indeed, for larger voltages, the increased SCR
width tends to slow down the ion out-diffusion process,
while the correspondingly higher electric field accelerates the
ion drift by almost the same amount. The simulations, rep-
resented in Fig. @), find the expected behavior to be true
only after the minimum in capacitance has occurred. For
shorter times, the magnitude of the initial capacitance de-
crease gains importance with increasing voltage. This feature
AC 1 (w « can be understood in terms of the capacitance depth sensitiv-
o = Ap(x) — dx (9) ity. The strong concentration gradient at the edge of the SCR
C W Jo A ' causes an ion diffusion current, which smears out the solute
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FIG. 5. Solute depth distribution calculated for a low dissocia-
tion rate, for which only 10% of the ions are unpaired. All other
parameters are given in Table I.

FIG. 4. Normalized amplitude of ion-drift-induced capacitance
signals, defined byACtpmse/ACtpmsr* with Actpuls:[(}(tﬂ
+o0, V=V,.) —C(t=0, V:erv)]tpmse for three different reverse
voltages as a function of the pulse length,s.. The other param-
eters used are specified in Table I. The inset shows thettimeat
which half of the maximum amplitude is reached, as a function of Once the origin of the signal is ascertained, the primary
reverse voltage. goal of TID analyses is the determination of physical prop-

distribution inside the SCR. F | | h erties relevant to the diffusion and defect reaction of the
Istribution inside the - For a low reverse voltage, 1 e'diffusing ion. To understand how these properties influence

SCR W'gth IS Eomparr]able to the aCCLémUIﬁ“O” layer exg?”fhe signal shape, and under what experimental conditions
sion and weakens the capacitance depth sensitivity. CORpay can pe best estimated, we calculated the TID signal as a

\éers'et:y,'for'a .kljigh rzvirse voltag:a the OVﬁJl'ap bﬁtwegn thEmction of the diffusion and pairing constants. The results
Istribution Inside and the accumulation profile at the edge ob o 5ymmarized by way of an effective TID time constant,

th_e SCR remains_ negligible during t_he initial stage Of_ theT o, Which is defined by the slope of the linear part of the
drift process and increases the amplitude of the capacitan gnal represented in a semilogarithmic scalee inset in

drop, as shown in Fig.(8). Likewise, the built-in and pulse Fig. 2. Another possible definition ofr,, emerges when

voltages affect the initial capacitance decrease, since boWoting that the signal increase can be well adjusted to a

parameters aIt_er 'ghe dep_letio_n width d‘:"?f?g the pu!se. Conc'iouble exponential functioridashed line in Fig. 2 The
sequently, as indicated in Fig(18, the initial capacitance characteristic TID time constant corresponds then to the in-

decrease disappears for higher built-in and pulse V°|tage§erse of the smallest exponent, which turns out to be always

glnce SOttheraEdeulse modify the signal sthe, thg bias %(()]% lower than the value obtained using the first definition.
ependence of the capacitance transient can be used to Vel gecond definition is useful when the signal offset cannot

the ion drift origin of the signal. be accurately measured. Note, however, that Es«(8) do
4. Relaxation kinetics not enable an analytical derivation of the approximately
double exponential time dependence.

B. Influence of pairing and diffusion properties

Another characteristic feature of TID signals is obtained
by measuring the relaxation kinetics, i.e., the signal ampli-
tude versus pulse width. When the voltage pw4gis. is N S _
applied, the ion distribution “relaxes” by thermal diffusion ~ Solute-dopant pairing slows down the ionic diffusion sig-
towards a uniform distribution in the previously depleted re-hificantly. Figure 5 shows the solute profiles calculated at
gion [see Fig. 1b)]. The necessary time to reach the final various drift periods with a relatively low dissociation rate of
distribution, or relaxation time, is of the ord&/2/D, which ~ 4s™ ", all other parameter values being summarized in Table
is considerably larger than the TID time constant, and ind- In this case only 10% of solute atoms remain unpaired at
creases linearly with reverse voltage. Figure 4 shows th&quilibrium. The profiles differ from those shown in Figall
normalized signal amplitude as a function of the pulse lengttpy more than just a time scaling factor. In particular, the
for three different voltages, using the parameter set of Tabléoncentration front, which is seen to drift towards the bulk in
. The inset indicates that the “relaxation time,” or the time Fig. 1(@), is less apparent in Fig. 5. Thus, pairing is not
necessary to reach half of the maximum amplitude, increasegtisfactorily portrayed by substitutirigs by a concentration
almost linearly with the reverse bias. The voltage depenindependenteffective diffusion coefficient in Eq.(2), as
dence of the relaxation time is a characteristic feature forvould be expected if the pairing reaction had reached local
TID originating capacitance signals. Indeed, for deep-levepquilibrium during the drift processNote that the profiles in
carrier-emission-induced transients, which occur in DLTSFig. 5 are similar to the ion distributions measured by Pre-
analyses, the analog for relaxation is the carrier capture ifchaet al'® on Cu-diffused silicon usin@€(V) analyses at
the neutral region. This process should not depend on thi€mperatures where pairing dominated the process.
electric field that existed in that regigrior to the filling The solid lines in Fig. 6 represent the inverse TID time
pulse. Hence monitoring the relaxation kinetics is a reliableconstant or TID ratery;5, as a function of the dissociation
way to distinguish between deep level carrier emission andate, for various capture radii. For low dissociation rates,
ion drift induced capacitance signals. 7-{”13 increases linearly at a rate that depends only on the

1. Dissociation rate and capture radius
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FIG. 6. The solid lines represent the TID rate as a function of ~F!G- 7. The solid lines represent the calculated TID rate as a
solute-dopant pair dissociation rate, for different capture radii, cafunction of the doping density for different dissociation rates. All
culated using the full theoretical model. All other parameters are®ther parameters are specified in Table I. The dashed lines are ob-
specified in Table I. The dashed lines are obtained using the semi@ined using the semiempirical model.

empirical model. The inset describes the variation of the correction . . . .
factor 8 as a function oR, . sequent diffusion towards the neutral region are the limiting

processes. In this casey5, should increase with increasing

capture radius, indicating that pairing is the limiting process.d'ffus'on coefficient. However, the diffusion limited capture

: ) L ) . rate increases witlD and, ultimately, makes pairing the
At higher dissociation rates;;5 Saturates at a given value, oo )
dominating process. Only a weak dependence on the diffu-

wh|c_h corresp_onds to the TI.D rate in the abs_ence_ of PAINNG;4n coefficient is then to be expected. To test this statement,
and is a function of the doping density and diffusion coeffi- -1 . e -
we calculatedrrp as a function of the diffusion coefficient

cient. The transition between the pairing and diffusion IIm_for different dissociation rates. The solid lines in Fig. 8 rep-

giesdsg?:?all?oens ri?gu[ﬁthﬁelsefaﬁw (t:;gi]t‘iac?nh\l/\?::rreﬂt]r?: ttgensr_esent the TID rate normalized by the dissociation rate as a
. ' 9 postt function of the diffusion coefficient. The results indicate that
tion occurs depends on the capture radius. 5 increases almost linearly witD, as long as it is one
The initial capacitance decrea@®mt shown hergis lower TiD . R L
P P order of magnitude lower than the dissociation rate. For

in the case of stronger pairing due to the flatter ion distribu-". e o . T 1
tions shown in Fig. 5. For low enough dissociation rates, thd!9her diffusion coefficients, it reaches a limiting valug,,

ion concentration decreases uniformly throughout the deplet-hat depends on t.’Oth. d|ssoc_|at|on rqte and C"’!pt“re. rad|ys,
tion region. Hence, as in carrier emission induced transient@&"d decreases with increasing fraction of paired ions in

the initial capacitance decrease is not observed. Cons&dreementwith Fig. 6.
guently, the absence of a notable initial capacitance decrease

in ion drift induced capacitance transients provides an indi- C. Estimation of physical parameters
cation that the diffusion is trap limited. Solute concentration and mobility, dopant-ion pair bind-
ing energy, and capture radius are the physical properties that
2. Doping density and diffusion coefficient are in principle accessible by TID analyses. The above in-

For constant reverse bias, higher doping densities induc\éestigations indicate, however, that strong pairing will allow

stronger electric fields and hence faster ion drift kinetics. On

the other hand, as the fraction of free solute ions is reduced 02| v=4gl

with increasing dopant density, pairing will ultimately be the :

limiting factor of the process. The evolution of the TID sig- r ]

nals as a function of doping density has been calculated for a -1

constant solute to dopant ratio. The grid spacing used in the A r 400 s

calculations had to be reduced with increasing doping level, c 01 1

in order to keep enough data points in the SCR and to avoid v 2000 s~

computational errors. The calculations are summarized in 7 1

Fig. 7, whererﬁé is plotted as a function of the doping A

concentration for different dissociation rates. For high disso- 0.0

ciation rates, the TID rate increases almost linearly wigh, 0 2 4 6 8 10

showing that the electric field enhancement of the drift ki- D (108 cmzs")

netics is the dominant factor. For lower dissociation rates

pairing is strong enough to keep the TID rate constant over FiG. 8. The solid lines represent the calculated ratio between

the entire investigated concentration range. TID and dissociation rates as a function of the diffusion coefficient
A similar behavior is expected for the diffusion coeffi- for different dissociation rates. All other parameters are specified in

cient dependence of the TID time constant. Indeed, withouTable I. The dashed lines are obtained using the semiempirical

significant pairing, drift inside the depletion region and sub-model.




PRB 58 TRANSIENT ION-DRIFT-INDUCED CAPACITANCE . .. 3899

access to a lower limit of the diffusion coefficient only. In Equation(13) holds under the assumption that the capture
this case the TID rate is proportional to the dissociation raterocess is diffusion limited® Moreover, if the produch,D

and the temperature-dependent measurements provide infas-large enough, Eq$10), (12), and(13) lead to a TID rate
mation about the pair dissociation energy. In the case ofhat is independent of the doping density and diffusion coef-
weak pairing the linear dependence@f}, on D enables the ficient. To achieve a quantitative agreement between both
ion migration enthalpy to be determined. Note, however, thamodels, two dimensionless correction factarsand 8, need

all the numerical results discussed so far were obtained a$o be introduced into Eq$12) and(14). These equations are
suming a constant temperature. Yet, because the ratio beeplaced by

tween the mobility and diffusion coefficient decreases lin-

early with temperature, the TID rate should depend almost akTe 1+ (47R.DA/v) B]

linearly on the temperature even when all other parameters TTD= ?DA ; (14)

are kept constant. Calculations @{t) as a function of tem- tot

perature(not reported hepefound indeed thatrppT varies  \ith o= 2.85 andg=1.95. Results using E¢14) are plotted

by less than 10% over temperatures between 200 and 400 K¢ (ashed lines in Figs. 6—8 and agree well with the full
Hence, the migration enthalpy can be extracted frompeoretical model, except for the capture radii dependence.
temperature-dependent measurements, provided#hgt  Both correction factors were chosen in order to yield the best
rather thanrp is used in the Arrhenius plot. If the capture it for a capture radius of 5 nrisee Fig. 6 The physical
radius decreases linearly with increasing temperature, as it {yeaning ofx can be understood in terms of the drift kinetics.
the case for a Coulombllnteractlbmnd if pairing is domi- ¢ thermal diffusion is neglected, each ion will see its posi-
nating the process, no linear temperature dependence is ofj5p, change according to E¢L1). Equation(14) then repre-
served. The pair binding energy should then be extractedents the time needed by the ion to cover about 95% of its
from an Arrhenius plot ofrrp . _ distance from the edge of the SCR. The necessity to intro-

Though the model presented above describes the fundgyce the second correction factg,is due to the inaccuracy
mental mechanism of TID signal generation, it does not proys the |ocal equilibrium assumption, which slightly underes-
vide an analytical expression for extraction of the diffusionijmates the impact of pairing on the drift kinetics. Indeed,
and pairing coefficients from experimental results. This mayyyring the drift process, the unpaired ion and dopant densi-
be achieved using a method based on the semiempiricgks hecome momentarily higher than the respective equilib-
model developed by Heiser and Mesli in Ref. 11. The mode}jym values. The resulting larger capture rate is approxi-
considers the ion "time of flight” across the SCR as the mately taken into a account by introducing an effective
limiting process for TID: When the diffusion term in EQ. captyre radiuRe"=gR.. Whether or not the equilibrium ap-
(2) is neglected, the solute drift kinetics is described by an, o imation is physically sound depends on the capture ra-
exponential time dependence with a time constant given by, .« The larger the capture radius, the faster the pairing
W. KTe equilibrium is established and the lower the valugBafeeds
D= = g, (100  to be. The behavior 0B as a function oR_ is shown in the

HEM  a°DA inset of Fig. 6.

The solute concentration in the bulk can be estimated
from the TID signal amplitude, which is defined kyC
=C(t—+o, V=V, ) —C(t=0,V=V,). For Ngo<Ais,

t an approximate relationship can be obtained analytically by
W=x(t)=[W~— x(O)]exp{ - T_) (1) resolving the Poisson equation for the two following solute
e distributions:

where E,, is the maximum electric field in the SCR. Each
ion moves towards the neutral region according to

wherex(t) represents the position of the ion at tim&? In

the case of pairingD is replaced by an effective diffusion 0 for X<Wyee
coefficient, which at local equilibrium, is expressed by NSO,(X)z(ﬁSOI for X=Wuee (15
Des= D 12 and
1T Ay, (12

where() is the pairing constant. 0 for x<W,

Although the assumptions that diffusion is negligible and NSO'(X):(ﬁsm for x=Wie, (16)
that pairing reactions are at local equilibrium are strictly '
speaking inaccurate, several properties of TID signals can bWheremese and W, are the SCR widths undéf,,s. and
at least qualitatively, deduced from Eq40) and (12. A v, respectively. The slight increase in the average solute
linear dependence of the TID rate on the diffusion coefficientoncentration in the neutral region, following the drift-
and doping density is expected from EQO) if pairing is  diffusion process, is negligible for a large sample thickness
negligible. In the case of strong pairing, a linear dependencg_>wrev).
between the TID rate and the dissociation rate is obtained Finally,
when the pairing constant in E¢L2) is replaced by

47R,D Nso_ Cy*~Cp* a7
Q: " . (13) AtOt W,
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where C,,=C(t—»), C, is the stationary capacitance at 0 [ (B4 10'cm™

Vpuise @Nd Cy =Cp—AC. In the case oNgy <Ay, and for

Vit Vouse<Viey, €xpression(17) reduces to the well-

known relatior® % -10 | -1V 5 1
o2 (18 a 20 3
Atot Ch -8V <10 )

Expression(17) agrees well with the numerical resolution of -30 sV . 0.00 0.02

Egs.(1)—(8). The solute density affects only weakly the sig- M 1 1

nal shape, as long as it is significantly lower than the doping 0.00 0.02 0.04

concentration. t (s)

IV. TID ON Cu CONTAMINATED p-TYPE SILICON ] )
FIG. 9. Experimental TID transients measured at room tempera-

A. Experimental details ture on Cu contaminated B-doped silicon for different reverse volt-

The different features of ion-drift-induced capacitance®9es- The in_set represents a semilogarithmic plot of the normalized
transients, discussed in the previous section, can be tested 8ignal:  defined by AC(t)/ACpa=[C(1) - Clt—=) JIC(0)~C(t
Cu in-diffused and quenched silicon. Copper in silicon is )} WhereC(t—) was estimated at=>5's.
known to have a high interstitial diffusivity Though inter-
stitial copper solubility is almost negligible at room The characteristic initial capacitance decrease is clearly seen
temperaturé, a significant amount of copper atoms remainand depends strongly on the applied reverse voltage. Yet its
interstitially dissolved if a high temperature anneal is fol-amplitude is smaller than expected from the calculations and
lowed by a rapid quenct. Moreover, interstitial copper be- differs from one diode to the other. For low copper concen-
haves as a donor and forms pairs with acceptors by Coulomtsations it is hidden by the signal noise. We attribute this
interaction®° Preschaet all° have measured the dissocia- behavior to the fluctuations of the Al diode barrier height and
tion rates of copper-acceptor pairs and have found a signifto the non-uniform carrier profile in the near surface layer.
cant lower binding energy of B-Cu pairs as compared toC(V) measurements indicated a strong decrease of the ac-
Al-Cu, Ga-Cu, or In-Cu pair&® We take advantage of this ceptor concentration close to the surface due to acceptor pas-
particular feature to evaluate the influence of pairing on thesivation by atomic hydrogen-introduced during chemical
TID signals. processing of the semiconductor surface. The zero bias SCR

In this work we used boron-, aluminum-, and gallium- width was of approximately 1um. Although the non-
doped Czochralski-grown silicon- and boron-doped floatuniform doping was not taken into account in the calcula-
zone silicon, provided by Wacker Chemitronic, with resistiv-tions, it is possible that it reduces the magnitude of the initial
ities ranging from 0.1 to 20) cm. After removing the native decrease in capacitance. Finally, the initial rectangular solute
oxide by 50% HF, a thin copper layer was depositeddistribution used in our simulationgsee Eq.(5)] slightly
by dipping the samples into a CuBH,O/HF/H,O  overestimates the capacitance atd. Similar measurements
(10 g/10 mlI/500 ml solution. The HF component of the were performed on 12 cm Al-doped material and the results
above solution prevents significant oxide growth between th@re shown in Fig. 10. The two orders of magnitude larger
Cu film and the silicon surface, which can act as an in-TID time constant is ascribed to the higher Al-Cu binding
diffusion barrier. The samples were annealed at 650 °C for 2nergy as compared to B-Cu pairs. Again, the capacitance
h, followed by quenching into ethylene-glycol and storage indrop increases with voltage in agreement with calculations.
liquid nitrogen. After chemically removing the surface layer
and etching the samples in a HNBIF/CH;COOH (2.7/1/1)

solution, a thin Al film was evaporated to form Schottky 0 HAI=7 10%%cm™
diodes. Ohmic contacts were obtained by Ga eutectic plating T=300K
on the sample backside. Low contact resistivities were - -1}
achieved by scratching the back surface with a diamond tip. %
Capacitance transients were measured at room temperature 5’ 2 b View
using a commercial DLTS setup. The standard voltage pulse < -8
parameters wer€,.,=5V, V5= 0. The pulse duration was 315
set to 9 s for B-doped silicon and 90 s for Ga- and Al-doped 3 1
material. The signal amplitude did not increase with longer 4 Ll : ) )
pulse widths, indicating that the initial quasi-uniform Cu dis- 00 05 10 15 20 25
tribution was reached after each pulse. £(s)
B. TID results FIG. 10. Experimental TID transients measured at room tem-

perature on Cu contaminated Al-doped silicon for different reverse
voltages. The inset represents a semilogarithmic plot of the normal-

Capacitance transients, measured at different reverse volized signal, defined by C(t)/A Cppa=[C(t)— C(t—=)[C(0)— C(t
ages on 0.X) cm B-doped silicon, are presented in Fig. 9. —«)], whereC(t—») was estimated at=50s.

1. Reverse bias dependence
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FIG. 11. Relaxation kinetics measured at room temperature on FIG. 12. Temperature dependence of the TID time constant,
B-doped silicon for three different reverse voltages. The insetrrp, measured on B- or Ga-doped silicon. Also shown are the
shows the timet,;,, at which half of the maximum amplitude is inverse dissociation rates for Ga-Cu and Ga-B pairs, as determined

reached, as a function of reverse voltage. by Prescha etal. (Ref. 10 and given by wvgl,
=1.3x 10 %exp(0.71-0.02 eV/KT) andvgd,=3.8 10 *exp(0.61
2. Relaxation kinetics +0.02 eV/KT). The dashed lines represent exponential functions

. L . ) s .« that fit best to our experimental results. The corresponding activa-
Relaxation kinetics, measured in B-doped silicon for dif fion energies areA Eq,—0.68+0.02 eV (curve 1, AEg,=0.58

ferent reverse voltages, are shown in Fig. 11. Note that the
L . ’ . . *0.02 eV AEg,=0.35-0.02 eV .
filling pulse, required to reach 95% of the maximum signal 0.02 eV(curve 3, andAEg,=0.350.02 eV(curve 3

amplitude, is of the prder of seconas. In Fhe case of Al or Gl"below 330 K, the process is described by an activation en-
doping, stronger pairing makes the required pulse length e;irgy of 0.58-0.02 eV, which agrees well with the Cu-B

ceed 1 min. These values are significantly larger than typica]. - :
. ; issociation energy of 0.61 eV reported by Pres@a.this
deep-level pulse width6=200 us) and constitute by them- .temperature range, the B-Cu pairing limits the Cu drift pro-

elves 2 charscleralc fealre of franauce0 S408cess Abowe 330'K he slop of e expermentalcuve e
) e creases and the activation energy drops down to 0.35
pected when the voltage bias is increased. The relaxation

time t4;, closely follows the expected linear voltage de en—io'02 eV. If the linear temperature dependencer in
12 CIOSEly IC P 9 PENhe absence of pairingsee Sec. lll ¢Cis taken into account,
dence(see figure ins¢t To our knowledge, no electrical car-

. o this value becomes 0.370.02 eV. Yet, the narrowness of
rier emission phenomenon has been observed that could Ie"f‘em erature rangé840—365 K from which this energy was
to a similar voltage dependence. P 9 9y

The TID signal shape is almost independent of the relaXgetermmed allows only the conclusion that this value is an

ation time, except for its amplitude and initial drop. This upperlimit of the migration enthalpy. The slope change in

behavior, which is consistent with the theoretical model, in—the Arrhenius plot ofrr,p represents the transition between

. . ) . . .’ the trap-limited and diffusion-limited TID process. A more
dicates that the quasiexponential capacitance increase is gov- . e )
: complete study of copper impurities in silicon is beyond the
erned by the strong accumulation at the edge of the SCR an .
subsequent out-diffusion, rather than by the ion profiles in>CP¢ of the present article.
d ' y P Temperature-dependent expressions for the Ga-Cu and

side the depletion region. A similar behavior has aIreadyB_Cu air dissociation rates can be obtained from the results
been reported by Johnson and Henfliimgthe case of atomic pair di . .
o : shown in Fig. 12, using Eq.14) under the assumption of
hydrogen drift-induced transients. o : P ,
strong pairing, i.e., when the value of the diffusion coeffi-
cientD is not needed. If the capture radius decreases linearly

with temperature and is equal to 5 nm at room temperature,
We performed temperature-dependent measurements @he dissociation rates are described by
both B-doped and Ga-doped materials. As the activation en-

3. Temperature and doping dependence

ergies for migration and pair dissociation are different, the 0.68+0.02

influence of pairing is expected to change with temperature. VGaci™ 9-2X 10129XF< - T) S (19
Capacitance transients were measured at various tempera-

tures between 265 K to 365 K and the corresponding Arrhenand

ius plot of r1jp for both dopants are represented in Fig. 12.

Also shown are the dissociation data from Presehal 1 In 0.58+0.02

the Ga-doped materiaky,, follows a straight line over the vgcu= 9.4X 10129)(’{ - T) S, (20

whole temperature range with an activation energy of 0.68

+0.02 eV, which is close to the Ga-Cu dissociation energywhich are close to the values reported by Presathal 1°

of 0.71 eV'° The unique slope of the Arrhenius plot indi-  The influence of pairing can also be seen by measuring
cates that, for Ga-doped Si, copper-gallium pairing domi-TID signals as a function of acceptor concentrations. The
nates the process over the whole accessible temperatuegperimental results obtained for B-doped, Al-doped, and
range, i.e., between 295 and 375 K. For B-doped material, &a-doped silicon are summarized in Fig. 13. Similar TID
change of slope is observed around 330 K. At temperaturesates are found in Ga-and Al-doped Si and are almost inde-
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used even for relatively low solute densities when the capaci-

| ® B tance decrease is barely observable.
4 Ga —— 8 An overall agreement is obtained between theoretical re-
100 L w Al y 4 sults discussed in Sec. Il and experimental data collected on

[ §/ the Cu diffused and quenched silicon. The capacitance tran-
[ sients observed at room temperature for Cu diffused B-
doped, and Ga- or Al-doped silicon, have a two orders of
{_ 11-_ T— magnitude difference in the respective time constants. Yet,

Tl (s71)

they both show the characteristic TID features: initial capaci-
tance drop and voltage-dependent relaxation kinetics. There-

10 L . fore they can be confidently ascribed to the same physical
103 104 process, namely, interstitial copper ion drift.
Pairing affects the TID signal considerably. The calcula-
Atot (1012cm-3) tions show that information on solute diffusivity can only be

. btained if the TID rate is significantly larger than the pair
FIG. 13. Room-temperature TID rates measured in B-, Ga-, an issociation rate, while only a lower limit of the diffusion

Al-doped .S'I'Con of different resistivities. The anhed lines Ou.t"necoefficient can be estimated in the opposite case. The activa-

the behavior of the TID rate vs doping level with a constant disso- . - -

- tion energies obtained from temperature-dependent TID
clation rate. . . . . .

measurements described in Sec. Ill confirm this assertion. A

similar situation has been reported on H drift experiments by

. . L . _Zundel and Webel® The question of whether or not pairin
pendent on the Ga density. This behavior is consistent W|tri‘5 limiting the process gan be settled by performiF;]g TlgD

the match.mg b|.nd.|ng energies .Of AI'C&and Gg-C'u' pairs anqﬂeasurements on samples with different resistivities. The
the resulting similar dissociation rat€sThe significantly ID rate is expected to be almost independent of the doping

lower B-Cu binding energy, however, causes a two orders Ol | it pairing is strong enough. TID can then be used to get
magnitude higher dissociation rate. In this case the TID rat formation on the solute-dopant interaction

increases with doping density as expected for weak pairing Defect reactions involving species other than doping im-

(see Sec. 1B 2 purities are not included in the model. However, other de-
fects present in the material might trap the solute impurities
and affect the TID signal as well. For instance, the TID sig-
nal amplitude observed in Cu diffused silicon decreases

V. DISCUSSION when the samples are left at room temperature for several
From the theoretical calculations developed in Sec. II,h_OI.JrS'l_2 We '?e"e"“t Fh|s beha\élor is due to clustering or pre-
several signatures of ion-drift-induced capacitance transien pltatlo_n Of interstitial coppe?. As a consequence, precipl-
is tdation kinetics can be monitored by TID and information on

be discussed. Extended pulse lengths, which are required {%e density and capture radius of nucleation sites can be

observe signals, and a nonexponential capacitance transie
are two properties that are unexpected but not excluded for a
deep-level carrier emission process. The presence of an ini-
tial capacitance decrea}se, the magmtqqe o_f which depends VI. CONCLUSION
on the voltage pulse, is a more specific signature of TID
signals, though the amplitude of the signal decrease often The numerical resolution of the coupled diffusion, pairing
appears to be lower than expected from theory. A large zerand Poisson equations have led to a fundamental understand-
bias depletion width, which in silicon is often due to hydro- ing of the ion drift induced capacitance signals. Several char-
gen in-diffusion during processing, could explain this dis-acteristic features of TID signals provide means to differen-
crepancy in magnitude. Efficient pairing that flattens the soltiate ion-drift-induced capacitance transients from signals
ute profiles in the SCR, reduces the capacitance deptproduced by more common electrical carrier emission pro-
sensitivity and the magnitude of the initial capacitance decesses. The model refines the description of the influence of
crease as well. The initial capacitance dip has also been olselute density, diffusion coefficient, and pairing constants on
served by Lyubomirskdf on Cu contaminated CdTe crystals. the signal shape. It shows in particular that, in the case of
The authors suggested that a chemical reaction of defecttrong pairing, the signal shape becomes almost independent
involving copper was at the origin of the capacitance de-of the ion mobility, so that only a lower limit of the diffusion
crease. If the decrease is found to be more pronounced faoefficient can be estimated. TID signals depend then
higher reverse voltages, the capacitance depth sensitivitgtrongly on the pair dissociation rate, providing information
should also be considered as a possible origin of the oben the pairing reaction. For weak pairing, the diffusion co-
served behavior. efficient influences the signal shape significantly and enables
The relaxation kinetics discussed above are the most relithe temperature-dependent ion mobility to be determined
able way to identify the ion drift origin of the signal. No from experiments. A semiempirical model is proposed to al-
other physical process, which could give rise to a similadow the estimation of the diffusion and pairing coefficients
voltage dependence, has been reported so far. The voltagéthout resolving numerically the differential equations. The
dependence of the relaxation time constant, Fig. 13, can hiefluence of defect reactions involving species other than the

tained?!
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