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Copper-hydrogen complexes in silicon
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Defect complexes of copper and hydrogen in silicon were studied in detail by deep-level transient spectros-
copy. Floating-zone silicon, bothandp types, which had been copper doped during the growth, was hydro-
genated by chemical etching. We determine the electrical parameters of substitutional copper and various
copper-related deep levels. The concentration profiles after etching were measured and numerically fitted
assuming a successive trapping of hydrogen atoms to substitutional copper. From our data we assign the
Cu-related deep levels to different charge states of copper-hydrogen complexes containing one or two hydro-
gen atoms. For the CyHlefect we measured deep level€Eat—0.36 eV andE,,+0.54 eV. The two levels
at Ec—0.25 eV andE,+0.27 eV we assigned to a CyHtomplex. We also have evidence for a neutral
complex containing three or more hydrogen atomsp-iype silicon, the capture radii for hydrogen by the
substitutional copper have been determined to be 0.3 nm for the first and second hydrogen atoms and 1.0 nm
for a third hydrogen atom. In-type material these values are found to be higher: 0.7 nm, 0.9 nm, and 1.8 nm,
respectively.
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[. INTRODUCTION hydrogen complexes. Preliminary results were given in Ref.
17. Special emphasize is laid on the concentration profiles of
The interstitial species of copper and hydrogen are botlthe defects measured after hydrogenation. A detailed analysis
fast diffusers in silicon, especially copper, which, to our bestllows us to obtain information about the nature of the de-
knowledge, has the highest diffusivity that has been meafects and about the reaction kinetics. We discuss the math-
sured in silicont=2 Both can form neutral complexes with €matical model used for this analysis before we apply it to
acceptors, such as B-H or B-Cu pairs, with the former showihe case of copper and hydrogen.
ing a higher thermal stability.
Hydrogen has three charge states: negative, neutral, and || SAMPLE MATERIAL AND EXPERIMENTAL
positive. The Hubbard correlation energy is negative, so that METHODS
the neutral charge state of hydrogen is not stAfilee posi-
tive and negative charge states have been identified by drift For our study we used floating-zone material of both
experiments im-type andp-type silicon®® Interstitial cop-  N-type and p-type conductivities. Samples from different
per, on the contrary, was believed to have no level in therystals were measured with the phosphorus or boron con-
band gap of silicon, being always positively charged for allcentration of the order of %10 cm™3 and 1
values of the Fermi energy. A deep level found recently inx 10*> cm™3. A few micrograms of pure copper were dis-
n-type material has been tentatively assigned to the dondggolved in the volume of the silicon melt resulting in a con-
level of interstitial coppef. centration of the order of X 10'° cm™2 in the melt. Due to
While the solubility of copper at high temperatures isthe small segregation coefficient of copper in silicon, copper
dominated by the interstitial species, it can also occupy th&vas incorporated into the solid crystal at a concentration of
substitutional lattice sit&® At room temperature, substitu- about X 10" cm™3. This was confirmed by secondary ion-
tional copper is immobile and can react with interstitial hy- mass spectroscopy measurements on some of the samples.
drogen to form defect complexes. For a number of differentAs expected from the precipitation behavior, the electrically
transition metals(such as Au, Ag, Pt, Pd, ejcthe defect active copper is only a small fraction K110 cm™3) of the
complexes with hydrogen have been studi¥d® Most of  total copper concentration.
the defects were investigated using deep-level transient spec- Before measurement all samples were chemically etched.
troscopy(DLTS), but also electron-paramagnetic-resonancéVe used mixtures of HFHNO (1:6) or HF:
and Fourier-transform infrared studies have been performetiNO;: CH;COOH (1:2:1 or 1:2:2, which remove the silicon
for the cases of gold and platinuth-® For platinum-  material with different velocities. The etching rates were de-
hydrogen complexes, it could be shown that indeed the santermined by measuring the wafer thickness before and after
defects were measured by the different techniques and theiching.
electrical, chemical, and structural information could be Schottky diodes were formed by thermal evaporation of
brought together to form a rather complete picture of theeither gold (for n-type material or aluminum (for p-type
defect structure. materia) contacts with diameters ranging from 1 to 3 mm.
In this paper we present results from our work on copper-The Ohmic contacts consisted of an eutectic indium/gallium
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FIG. 1. DLTS and MCTS spectra of floating-zone Si:Cu. Spec- depth (um)
tra were measured at an emission time of 42 ms in DLTS and 50 ms ] )
in MCTS. (a) n-type material(b) p-type material. FIG. 2. Depth profiles of copper-related level in n-type

silicon and(b) in p-type silicon.

alloy scratched onto the back surface.
Capacitance-voltageV) measurements were performed
with an LCR meter at 1 MHz or 500 kHz. DLTS and
minority-carrier transient spectroscofyICTS) experiments
were performed on the Schottky contacts. For the DLTS an
MCTS experiments two different cryostats were used, whicl]
could be cooled by liquid helium for DLTS and liquid,Nor
MCTS. The capacitance transients were analog filteredi
whereby different filterdfirst to third ordej could be used

for S|gnal_ processing. The MCTS measurements were donI?ardly be seen in the MCTS spectrum, which might indicate
by backside illumination of the samples. In order to get SP3ihat the photocurrent and the hole capture coefficient of

tially resolved concentration profiles for the measured dee|p_|(260) were too small to significantly fill the level. On the

levels, DLTS measurements at different voltages were Pel5ther hand, the levels 00 and H225 overlap more

formed. Fo_r the correct calculqtion of the qoncentrations th%trongly in the DLTS spectrum because of the lower-order
depth profiles of the frge carriers as obtained@®y mea- filter. H(225) can only be seen as a shoulder t260). Fit-
surements were taken into account. ting the two overlapping peaks shows tha®p¥b) is smaller
relative to H200) in the majority spectrum compared to the
Ill. RESULTS minority spectrum. The reason for this might be th#&260)
is not completely filled in the MCTS experiment or that
the formation of H225 depends on the level of the Fermi
The DLTS and MCTS spectra measured in odype and energy and therefore differs betweentype and p-type
p-type samples are shown in Fig. 1. The deep levels werenaterials.
labeled as shown in Fig. 1. Electron traps are indicated by an The deep levels have previously been assigned to substi-
“E” and hole traps by an “H” followed by the approximate tutional copper and copper complexes containing one or two
peak temperature for an emission time of 42 ms in DLTS andhydrogen atoms. The peak$1B0), H(100), and H200 are
50 ms in MCTS. Due to different correlation functions andthe three charge states of the isolated substitutional copper
pulse-repetition rates, not exactly the same emission-ratatom in silicon®®We assigned @80 and H260) to a CuH

windows were realized in the DLTS and MCTS measure-
ments. There are three dominant peaks in the DLTS spectrum
of the n-type sampldE(100) to E(180)]. The depth profiles

f the concentration of these levels are shown in Fig. 2 and
iscussed in detail in the next paragraph. The levels in the
ower half of the band gap can be seen from the majority
pectrum inp-type material as well as from the minority
pectrum of then-type sample.

Contrary to the DLTS measurements, the lev&260) can

A. Deep levels
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TABLE |. Summary of defect properties: Level, activation energy, electron-capture cross section, barrier
for thermally activated electron capture, hole capture cross section, level assignment, and radius of hydrogen

capture.

Level E, (eV) c, (cmPs™1) E, (eV) ¢, (cm?s™1) Assignment ry (nm)
E(100 0.1693) 3.2x10 '°(105 K) 0.0253) 6.5x107° (105 K) Cus '~ 0.7
E(140 0.2544) 4.6<10 * (143 K) 0.0504) 7.0x107% (144 K) CuH, '~ 0.9
E(180 0.36(03) 7.5x10 % (183 K) 0.0504) 1.3x10°° (185 K) CuH, '~ 1.8
H(100 0.2074) 2.4x1075/8.9x10° 7 (97 K) cur

H(125 0.271) CuH,”® 1.0
H(200 0.4785) 2.9x1077 (202 K) cug”® 0.3
H(260 0.541) 1.4<1077 (248 K) CuH; 0.3

defect and KL140) and H125 to CU"E-” This assignment rate. The levels do not show the Poole-Frenkel effect of
stems from the analysis of the concentration profiles of thécoloumb-attractive centers. On the contrary, our data for the
defects and is explained in the following paragraphs. Thénagnitude and temperature variations of the cross sections
microscopic identity of K225) still unknown. are consistent with the interpretation that the levels are
The properties of the deep levels are summarized in Tabléouble acceptors, which are Coulomb repulsive. Level
l. The activation energies were determined from Arrheniug=(100) has been assigned to the double-acceptor state of sub-
plots taking into account the standaFd correction for the ~ Stitutional copper beforgThe similar behavior of the two
temperature dependence of the exponential prefactor. Ilgvels E140 and E180) leads us to assign them to double-
n-type samples we measured the activation energies for ele@cceptor levels of the respective copper-hydrogen com-
tron emission to be&e,=0.17 eV for E100) and 0.25 eV plexes.
and 0.36 eV for FL40) and E180), respectively. The cross The activation energies for the hole traps in the lower half
sections for electron capture were measured by filling-puls@f the band gap are also given in Table I. The measurements
variations. All three levels show a slight temperature depenof the capture cross sections revealed two components for
dence of their capture behavior as shown in Fig. 3. Assuminghe level H100. Another defect level is overlapping with
a thermally activated capture over a barrier, we fitted théhe copper donor level. We were not able to obtain minority
temperature dependence with an exponential function. ThiSPectra or measure minority-carrier capture in fihg/pe
gives activation energies for the capture of approximatelysamples. The minority carriers could not be injected into the
0.025 eV[level E100] and 0.050 eV for both @40 and space-charge region by optical backside excitation used in
E(180) (see Table)l These barriers fall within the range that our MCTS experiments, because the minority-carrier diffu-
has been measured for other transition-metal hydrogen congion length was too small.
plexes beforé® The minority capture was also measured by
filling the levels with a voltage pulse of fixed duration and
then emptying the levels by minority-carrier capture with o o
optical pulses of variable duration. _ As can be seen in Flg. 2, the substitutional copper defect
For the electrical fields that can be sustained in our lowJS homogeneously distributed at greater depth and falls off
doped material we found no field dependence of the emissiofpwards the surface, in both andp-type samples. The miss-
ing concentration of isolated Gunear the surface is due to

B. Concentration profiles

1 v T T T reactions of copper with other defects. The levels related to
i m E(100) ] CuH; and CuBb are located near the surface and have an
A E(140) ] exponentially decreasing concentration at greater dgpth
* E(180) N\n.\ﬁ‘ 2). This is the expected behavior for complexes containing
1 hydrogen that has been introduced by wet-chemical

etching*®*°In p-type material, because of the strong overlap
with the larger H200) signal no profile for K225 could be
| i obtained. The nature of this level is not known up to now. In
i ] Fig. 2(b) only the profile measured for the level200 of
1 substitutional copper is shown for better clarity. The profiles
of levels H100) and H200) coincide deeper in the bulk
] material but show a significant difference in the near-surface
s s 7 s s 10 region(see Fig. 4 While both profiles decrease towards the
1000/T (K) surface, the reduction in concentration of2d0) is more
pronounced. From the assignment of the two levels to the
FIG. 3. Temperature dependence of the electron capture of thdonor and acceptor states of substitutional coppeme
levels §100), E(140), and E180) in n-type samples. would expect completely identical profiles. There have been

capture coefficient (cm?s)
8;
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R U T T T the hydrogen due to an internal field. This is important in
] p-type material where the positively charged hydrogen effi-
| 1 ciently passivates the boron acceptors resulting in an internal
§ ¢ ‘ S deop ";V(j'oo) ] field due to the inhomogeneous concentration of electrically
5 7 H active acceptors:
2 ?ﬁqﬁfﬁ o oo P
E %i ® H(100) - H(200) N
3 0 - b
] ed=kTIn| —]. (2)
8 %Ec_i (ND )
E 0
ot E depth profiles of deep levels ] In n-type material the pairing between phosphorous donors
in p-type Si ] and hydrogen is less efficient and the effect can be neglected.
yE— — e T The fourth term describes the capture of hydrogen after a

time 7 by the traps in the material. It is assumed that the
depth (um) formed defect complexes are stable and no reemission of
hydrogen occurs at room temperature. The capture time

FIG. 4. Depth profiles of copper-related levels in silicon: pro- has to be calculated as follows:

files of levels H100 and H200), and their difference compared to
the profile of H260). 1

—=47Dy>, iN;, 3
previous reports about this discrepancy in peak height be- T

tween acceptor and donor levels, which had been tentativelynere the sum goes over the different traps for hydrotjen.
related to an insufficient evaluation of the space-charge rg the concentration of thigh trap and; is the corresponding
gion at different temperatures. Our calculation of the profiles agius for hydrogen capture. The concentrations will change
has taken this effect into account. We therefore can excludgith time as part of the traps are already filled; the capture
space-charge effects as a reason. The difference in concefine r will change accordingly.

tration is real and can only be found near the surface. From | oyr case, the traps for hydrogen capture are the shallow
the capture measurements discussed in the previous paigsping specieshoron or phosphorolisand substitutional
graph we know that two defects must be contributing to th&opper which can form complexes with different numbers of

level H(100. When we compare the difference in Conce”tra'hydrogen atoms. The defect complexes form according to
tion between KILOO) and H200) we get a profile that is very

similar to the one measured for(260) as is shown in Fig. 4. JdCuH, oH

Summing up the concentrations fof1B0), E(140), and ot Uy TATDR(ri-1Cubi_ —riCub)H. (4)
E(180 that account for all the defects containing copper,
which can be measured in the upper half of the band gagslere again the motion of the silicon surface is taken into
there is still a significant decrease in concentration in theaccount by the first term on the right-hand side. The concen-
near-surface region. The same is true pitype samples tration of the complex containinghydrogen atoms increases
where also copper is missing from the originally flat profiles.if hydrogen is captured by a defect containingl hydrogen
This means that there has to be at least one electrically pagtoms {=0 corresponds to the isolated, substitutional cop-
sive complex with three or more hydrogen atoms. The exisper. The concentration decreases again if the defect itself
tence of such defect complexes is supported by theoretic&laptures hydrogen. This process stops at a maximum number
calculations. Molecular-dynamics simulations show that subef hydrogen atoms, whenmax becomes zero.

stitutional copper should be able to bind up to four hydrogen  Because the etchant constantly removes material from the

atoms in a stable configuratigf?* silicon surface, the distribution of free and bound hydrogen
does not penetrate deeper and deeper into the bulk but
C. Mathematical description reaches a stationary profile after some time, when the veloci-

ties of diffusion and surface movement cancel out. The tails
and starts to diffuse until it is captured by a trap. The diffu—at greater dgpths of these statiqnary con'centration profiles
sion of hydrogen has to compete against the movement i b_e obtallzned Ifrom an r?nalytlcal s_olut|_on of ftge :bove
the silicon surface which is caused by the etching, i.e., thgquatlons. or ar?‘?rx the approxmau_on of Lur
hydrogen has to be able to outrun the surface movement. Th<§CUHi*l holds true; i.e., only a small fraction of hydrogen
hydrogen diffusion is described by the following partial dif-

During the etching, hydrogen is incorporated into silicon

was able to penetrate so far, so that the concentrations of the
ferential equatiort? hydr(_)gen complexes decregse with increasingnder these
conditions the shallow doping can be seen as homogenous
2 and the drift due to an internal electric field can be neglected.
ﬁzD ﬂJrvﬁJr % i( @) _ ﬂ (1) Furthermore, the second term on the right-hand side of Eq.
ot " ox? ax KT x|\ ox| 7' (4) is dominated by the first term in the bracket and the

second term can be neglected. Solving these simplified equa-
HereH is the concentration diree hydrogen,Dy, its diffu-  tions analytically yields

sivity, andv denotes the velocity of the moving surface due
to the etching. The third term takes into account the drift of Hocebr/x, (5)
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24 FT T T T T T T T D. Fitting procedure
- a) ‘;f"’“" s In order to get a complete solution for the set of differen-
1,6 | F . tial equations, they are transformed into discrete difference
2 calculated boron profiles equations and solved numerically using the commercial
08 L ] * H=1x0 em MAPLE software. The free parameters of this system of equa-
’ ¥ ° H=2x0 om tions are(1) the diffusivity D, of hydrogen at room tempera-
[ y, + H=1x10"cm ture, (2) the maximum hydrogen concentratiéhy, close to
0.0 [ geommems ! L the silicon surface(3) the etching velocityy which was
“; 0 2 4 6 8 experimentally determined by measuring the sample thick-
L 16 ————1— : : : ness before and after etching) the initial concentrations of
o i hydrogen trapghere, the concentration of shallow dopants
= 12r b) and substitutional Cu deeper in the bulk, where hydrogen
2 i could not penetrate so far, were taken fr@v and DLTS
S os8f N "~ measurements, respectivelgnd (5) the radii for hydrogen
§ 04 [ °:°n gr;:i'ne' capture of the different traps.
s o 30 min Unfortunately, the solutions obtained from the calcula-
© 0.0 F + 60 min tions are not unique. The same final profiles can be obtained
1 1 1 L L with different values foDy if Hg is also changed accord-
12 F ingly. Higher D, implies lowerH, and vice versa. This is
i c) demonstrated in the top panel of Fig. 5. The same boron
08 I borom profile pr(_)file was calculated for surface conc§ntrations of hydrogen
o L U + being 1x 10, 2x 10'%, and 1x 10'® cm™ 3 when the hydro-
04 . 4min gen diffusivity was adjusted to be>x210~%°, 1x 1071 and
’ o 45min 2.3x10 M ecn? s, respectively. In order to be able to dis-
0.0 + 90 min tinguish between the different solutions additional experi-
' Loy a . mental data on the initial hydrogen concentration is neces-
4 6 8 10 12 14 sary. _ _
depth (um) The problem can be overcome by studying the time de-

pendence of the relaxation after etching. The different com-

FIG. 5. Boron passivation by hydrogen diffusida) calculated  binations ofDy andHg lead to the same final concentration
boron profiles for different values oH, and Dy, (b) time-  profiles, but the time after which these are reached differs
dependent profiles fronCV measurements directly after etching, significantly. Thus, the relaxation has to be monitored by a
and(c) stationary profile measured after storage under vacuum fogeries ofCV measurements shortly after etching. This can be

three hours. best done in low-dopeg-type silicon, where the capture
time for hydrogen is comparatively small and the relaxation
after etching is slow enough to be experimentally monitored.

The result of suclCV scans are shown in the middle panel

CuHjoxe b/, (6)

v V2 1 -1 of Fig. 5. The time for etching and formation of the Schottky
Ly=| = —+=— (7)  diode was about 9 mirCV measurements at different times
2Dy apg Dr after etching show that the doping profile moves away from

the surface as hydrogen is slowly diffusing in after the etch-
Ly ing. For a correct evaluation it is important to take into ac-
Li:i_- 8 count the difference between doping profile and majority-
carrier profile. The profiles extracted from t8&/ scans have
The distribution of free hydrogen and hydrogen-related deto be corrected for the majority-carrier diffusion in the region
fects decreases exponentially with depth and the characterisf inhomogenous doping. One should expect that at least, in
tic length is inversely proportional to the number of hydro- principle, the applied field durin@€V measurements gives
gen atoms in the complex. rise to an additional drift of the hydrogen in opitype sili-
After the etch stop, the surface stops moving and no neweon samples. Yet, the measurement times fG\Vascan were
hydrogen is incorporated into the sample. But the stationargbout 15 sec compared to the time scale of minutes for the
distribution of free hydrogen starts to relax until all of the observed movement of hydrogen. We checked two scans,
hydrogen is trapped. The effect of the continued diffusionone immediately after the other, and could detect no signifi-
can be monitored by repeategiV scans shortly after the cant difference. Therefore, we conclude that this effect can
etching of the samples as is shown in Fig. 5b. This relaxatiotbe neglected.
is described by the same set of equations, with the difference Another sample was etched and then stored in vacuum at
thatv =0 and the boundary conditions on the surface have teoom temperature for three hours before the Schottky diodes
be chosen in such a way that the flux through the surfacevere evaporated and tf@&V measurements performeHig.
becomes zero. 5, bottom panel The doping profile was essentially stable in
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FIG. 6. Calculated profiles for a defe¥tand complexes with up this work Yarykin etal. (1999)  Sveinbjérmsson et al. (1995)

to two hydrogen atomXH; and XH,. The open symbols are the
profiles calculated for the time of the etch stop, while the final
profiles after hydrogen relaxation are drawn with full symbols.

FIG. 7. Deep levels of the hydrogen complexes of the group-IB
elements, copper, silvéRef. 11, and gold(Ref. 10.

this sample and didn’t move over the monitored period of 90r¢,=0.7 nm,rcyy, =0.9 nm, andr¢,,=1.8 nm for the

m|n Th|5 ShOWS that it iS indeed the hydrogen that iS responcapture of hydrogen by %u Cqu, and Cu'—i, respective'y.
sible for the observed changes and not processes, whiglye want to stress the point that the profiles can only be fitted
might be induced by the Al evaporation. Also, one canjf we assume that a complex with three hydrogen atoms is
clearly see that the shape of the boron profiles is different fofoymed(i.e., r cun, #0). The fits to the concentration profiles
the two samples. This shows.the'effect of the Schottky cone our p-type samples give us the following resuliss,
tact on the hydrogen during diffusion. In the depletion region_ 5 Lo —03 nm. andr —10 nm. We esti-
under the contact an additional field is present that makes the 1 Cub : CuH, ™ = s
hydrogen drift deeper into the material. This effect does nofnate the margin of error for our fitting parameters within our
exist, if the contact is evaporated at a time when no frednodel to be about 10%.

hydrogen is left in the sample. From fits to the experimental
data(solid lines in Fig. 5 we obtained a hydrogen diffusivity
Dy=2.7x10% cn?s ! and a radius for hydrogen capture
by boron ofrg=2.5 nm.

With the obtained data for the hydrogen diffusion we can The energy levels in the silicon band gap of substitutional
now try to fit the concentration profiles of the deep levels. ltcopper and its hydrogen complexes are shown in Fig. 7 to-
is important to note that for larger depth the calculations stillgether with the respective levels of the other group-IB ele-
predict an exponential behavior. The continued diffusion afments, silver and gold. In the so-called vacancy nmdak
ter the etching stopped changes the absolute values for thedectrical properties of substitutional transition metals are de-
penetration depth.,; of hydrogen, but the relatioh,,/L, rived from the single silicon vacancy. The similarities of the
=n/m which follows from Eq.(8) is still valid. Figure 6 substitutional transition metals have been found to translate
shows deep-level profiles calculated for the time directly afto the hydrogen complexés3. The double-acceptor level
ter etching(open symbolsand after the hydrogen distribu- could only be measured for copper; in the case of gold and
tion in the sample has completely relaxédll symbolg. As  silver it must be within the conduction band of silicon. For
a result of the relaxation the profiles have broadened andopper, silver, and gold, three levels are assigned to the com-
moved further away from the surface, but the relation beplex containing one hydrogen atom and two levels are as-
tween the slopes for the exponential tail of the distributionssigned to the complex with two hydrogen atoms. Also, the
has remained one to two. This means that the determinatioexistence of an electrically passive complex containing three
of the number of hydrogen atoms in a complex from theor more hydrogen atoms has been inferred in all ci%¥s.
relative slopes as given previou$ly®is not affected by the The electrical levels of the three elements can thus be com-
postetching diffusion. But of course, it has to be taken intopletely passivated by three hydrogen atoms.
account if correct values for the capture radii are to be ex- Our value for the hydrogen diffusivity),,=2.7x 10 1°
tracted from the fits. cnPs !, is close to values extrapolated from high-

The results of the numerical fitting procedure are showrtemperature measuremeftd he diffusivity of hydrogen has
by the solid lines in Fig. 2. With the input for the hydrogen been measured between 135 K and 1473 K by various meth-
diffusion obtained from th€V measurements the remaining ods. The measured values at room temperature range from
free parameters are the respective radii for hydrogen capturex 10 ' to 3x 10" cn? s~ 1.2427 Qur result is at the upper
of the different defects. Under these restrictions the fits]imit of this range which has been the case before in studies
while not being perfect, agree reasonably well with the exusing wet-chemical etching for hydrogen incorporafion.
perimental curves. Im-type material we extracted values of Lower values are often found, because what is actually ob-

IV. DISCUSSION
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in moderatelyn-type material, like was used in our experi-
ments, hydrogen should be partly positively charged and
partly negative. The Fermi level at room temperature in our
samples is about 0.3 eV from the valence band or the con-
duction band in th@-type andn-type materials, respectively.
The higher, more efficient capture of hydrogen to copper and
the formed copper-hydrogen complexesritype material
might be due to the positively charged fraction of the hydro-
gen, which is attracted to the more negative charge states of
- the defects occupied at this Fermi level. grtype material,
hydrogen is only positively charged and binds less effec-
tively to the more positive charge states of the copper-related
defects. This analysis is also supported by the fact that the
CuH, defect inn-type silicon is less stable when annealed
under a reverse bias, i.e., when the level in the upper half of
the gap is not occupied by electrons. This is shown in Fig. 8:
at 390 K and 5 V for different times. The width of the depletion the Concemration. of the def?Ct decreases only i.n the region
region during reverse bias annealing is marked by the dashed Iiné(‘.’h_ere, the Ievgl is unoccupied due' to the applied voltage,
while it stays virtually constant outside the space-charge re-
gion (the width of the depletion region during reverse bias
served is a trap-limited diffusion with an effective diffusivity, annealing is marked by the dashed Jine
which is lower than the intrinsic value fdd,,. The radius ~About the level H225 not much is known. The overlap
for hydrogen capture by boron was determined to be 2.5 niith the higher peak k200 in the DLTS spectra is too
in this work which is somewhat lower than the 4.0 nm ob-Strong to allow for accurate measurements or depth profiling.
tained from drift experiments ip-type silicon?® The value ~ The level can be seen better in our MCTS spectra. Depth
for Ho=9x 10" cm~3 should be interpreted not as a sur- Profiling with MCTS 'is, in principle, possible, but needs
face concentration but rather as the volume concentration dnore favorable conditions than met in our samples. While no
free hydrogen away from the reaction zone where the chem@SSignment can be proposed fa225 it seems to be related
cal reactions during etching take place. to copper and hydrogen, as it is not found in other samples
Compared to the capture by boron, hydrogen is less effeccontaining no or other transition metals.
tively bound to the substitutional copper, as is seen from the
lower capture radii. The captures to the substitutional Cu and

to the CuH center withry=0.3 nm in both cases are rather |, 4 qgition to the three levels of substitutional copper we

weak. The values SL_Jggest the interaction of the positivelyfound six more deep levels in our Cu-doped and hydroge-
charged hydrogen with a neutral center. After the hydrogem e sjlicon samples. Four levels could be assigned to dif-
capture, in order to stay neutral, the center has to capture gQont charge states of the complexes GUE(180), H(260)]
electron (i.e., a minority carrier The increase in capture . 'cubTF(140), H(129] by studying their electrical prop-
radius for the third hydrogen bound to coppery( grfies and concentration profiles. The second signal under the

=1.0 nm) might he due to a more efficient minority capture.H(loo) peak is tentatively assigned to a third charge state of
Another possible explanation might be that the capture of %qu_ The existence of one or more electrically passive

third hydr(_)gen be_comes more efficient due to a SomeV"haéomplexes with higher numbers of hydrogen is indirectly
h|gher I_att|ce strain of _the_Cuj—|defect. '_I'he same 'grend of derived from an analysis of the concentration profiles of the
increasing capture radius is also seemitype material. fects.

For a discussion of our data on the hydrogen capture, one
has to bear in mind that interstitial hydrogen in silicon has a
negative Hubbard correlation enerbly with the donor state
lying 0.16 eV below the conduction band and the acceptor The technical assistance of B. Kler is gratefully ac-
level being at midgaf?’ This means that ip-type silicon,  knowledged. This work was supported by the Deutsche For-
hydrogen should occupy only the positive charge state, whilechungsgemeinschaft under Project No. WE 1319/9-1.
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FIG. 8. Profiles of the Cukldefect after reverse bias annealing

V. SUMMARY
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