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Band bending within inhomogeneously doped semiconductors with multilevel impurities.
II. Examples
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Using the method for calculating the band bending and concentration profiles of a multilevel impurity center
in its different charge states within a semiconductor inhomogeneously doped with the impurity proposed in the
preceding papefX. Yang et al, Phys. Rev. B53, 13 414(1996] to n-type GaP implanted with Ni and Fe
ions, respectively, the results were obtained for the samples implanted and annealed under different conditions.
Based on the results, a feasible explanation of the deep-level transient spectroscopy spectra of Ni ion-implanted
n-type GaP was obtained and an analysis for thesébauer spectra of Fe ion-implantedype GaP was
carried out[S0163-182806)03320-9

[. INTRODUCTION and the ratio between the concentrations of the charge states
Fe(d®) and Féd®) increases as the annealing time increases.
The behavior of @ metal impurities in semiconductors is An analysis for the results based on calculating band bending
of concern for both theoretical and applied aspe€tpe-  within the samples also will be given in this paper.
cause they may have important influences on optical, electri- The explanations of DLTS spectra of Ni ion-implanted
cal, and magnetic properties of materials. Usually dair8- n-type GaP under different conditions will be shown in Sec.
purity may exist in more than one charge states inll. An analysis of experimental results of Msbauer spec-
semiconductors. The charge states of the impurities in a sp&oscopy measurements on Fe ion-implantetype GaP will
cific sample affect decisively the properties of the sample. S®€ described in Sec. Ill. Then in Sec. IV, some problems
determining the charge states of the impurities and their proabout the parameters used in the calculations will be dis-
files within the doping layer in a specific sample is verycussed. The concluding remarks will be drawn in the final
important. With regard to some physical measurements, fogection.
example, deep-level transient spectrosco@BLTS) and
Mossbauer spectroscopy, etc., explanation of experimental Il. ANALYSIS OF DLTS SPECTRA
results depends strongly on the assignments for the charge OF Ni ION-IMPLANTED n-GaP
states of the impurity in the sample. The band bending within
the doping layer is critical in explaining the experimental
results, particularly for the measurements using so-called The DLTS spectra of Ni ion-implanted-type GaP with
junction capacitance techniques such as DLTS. For examplejfferent implanting conditions have been measuréthe
some unusual peaks observed in the DLTS measurements enbstrates used are liquid-encapsulated Czochrél$kC)
Ni ion-implantedn-type GaP samples have been analyzedn-GaP:S with free-carrier concentrations in the range
based on a preliminary estimation of the band bendings im=(3-5x10'" cm 3, The implanting energy was 160 KeV.
the samples. To improve the analysis, a quantitative calculaFhe doseg, annealing temperaturg,, and annealing time
tion of band bending and the profiles of individual charget, used for the samples are listed in Table I. After implanting
states of the impurity within the samples has to be invokedand annealing, a Au contract was deposited on the implanted
In this paper some major improvements to the method usefhce and an Ohmic contact was made on the rear face to fit
in Ref. 7 will be made and the reasonable results reportedhe requirement of DLTS measurement. The apparent activa-
Another sample is an analysis for the results ofdslmauer tion energie€, and concentrationl; of the relevant levels
spectroscopy measurement on Fe ion-implamtégpe GaP  observed are also listed in Table I.
obtained by Qilf. It has been observed that within a layer It is generally believed that Ni substitutes Ga in GaP and
0-3000 A from the surface, the total amount of Fe decreasamay have three configurations’, d® andd®, corresponding

A. Experimental results and problem
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TABLE I. GaP:Ni sample conditions and comparison between the results of DLTS measurement and calcyladimsesT 5 : annealing
temperaturet, : annealing timeE, : apparent activation energy;: concentrationM: majority trap;m: minority trap.

Levels (Expt) ] ; Calculated results ]
1) Ta ta Tentative e(T) Confirmed
Sample (10 cm™? (°C) (min) E,(eV) N, (cm™?  assign. behavior An(d) (em™®  Type  assign.
11B 1 1.15(M6) 4x10*°  d%d® ~D5? An(d%=<5x10% M d%d®
11T 1 950 30  0.63m2) 3x10"®®  d®d”  Unlike PK® An(d’)<0 Not Niga
14B 1000 0.62M4) 4x10%  d¥d” ~PK An(d)=<1.8x10"® M  d¥d’
14R 1000 700 2 0.61M3) 6x10  d®d” Unlike PK An(d)<1.8x10** M  Not Nig,
14T 1000 950 30 0.60ml) 1.2x10*®  d¥d’ ~PK An(d’)<1.5x10'®* M  Not Nig,
3D5: the electron thermal emission rate dai(T), for the GaP:Nid°/d®) level, cited from Ref. 11.
bPK: the hole thermal emission rate daﬁ,(T), for the GaP:Ni¢®/d") level, cited from Ref. 10.
to two levelsE1=E(d®d’) at E,+0.62 eV (Ref. 9 or
Ey+0.51 eV(Ref. 10 andE2=E(d%/d®) atE;—0.82 eV!!
The latter one hak,=1.15 eV for electron emission, due to ‘ ’ ‘
its large lattice relaxation behavior. Several levels among 3PN Ve=2v (a)
those listed in Table | have thelf, near the value oELl. ,
They are two majority traps: 0.62 e\WW(4) in 14B, 0.61 eV _ 2L |
(M3) in 14R; anq two minority traps: 0.63 e\\R) in 11T 2, Vo0
and 0.60 eV (1) in 14T. Whereas th®1 6 level observed in & 1 F ]
sample 11B hak_ =1.15 eV that is equal to the value BP. \
These tentative assignments are also listed in Table I. Usu- 0 ‘ *
ally, to confirm an assignment for a level observed experi- 0 200 400 600 800
mentally, one makes a comparison between the measured DEPTH |A]
thermal emission rates of the level at different temperatures,
e'(T), and the relevant data have previously been known.
Unfortunately, as we shall see later, sometimes this can give 106
a misassignment to the levels. In order to discern if the levels "g (b) ' ‘ ‘
are reaIIy caused by H&,_It is necessary to know the band = 1018 Rn(d) |
bending, the concentration profiles of the relevant charge g
states of Ni within the doping layers, and their variations > n(d’) Rn(d®)
during the DLTS measurement circlthe process of injec- g 10 ]
tion bias—reverse biasVg). To obtain this information a z
calculation on the samples has been carried out by using the o 100 ]
method described in Ref. 1. o)
© 10
_ i 0 100 200 300 400 500
B. Calculation and analysis
DEPTH [A]
For a DLTS measuremeMt,what we need to be espe-
cially concerned with is the transition between the different
charge states of relevant impurities within the active regions 108 1 T T
after turning the bias from injectiof0 V in our case to An(d®)
reverse Yg). Within an active region, if the concentration = 10° | 1
profile of thejth charge state of the impurity is{(x) under £
zero bhias, and R(x) underVg, then the part|al concentra- 2 0
tion profile of the impurity center in itgth charge state, __E .
which can make a contribution to the DLTS spectra, is E 4n(d) |
An;(x)=nP(x)—ni(x) (1) 108 [ ‘ ‘ .
andAn; is called the active concentration of the charge state. 0 100 200 330 400 %00
DEPTH [A]

Using the method described in Ref.ri (x) andn; (x) can
be calculated, respectively. Thexin, (x) can be obtained

from Eq.(1). Calculated results for samples 11B and 14T are  F|G. 1. Results calculated for sample GaP:Ni 118. Band
shown in Figs. 1 and 2, respectively. The parameters used | BendingEc(x); (b) profiles of Ni in its different charge statd$

the calculations arg,(GaP=2.26 eV, the relative dielectric =7,8,9. n(d’): under zero biagn(d”)(x) <10 cm~3, so it cannot
constant ¢ (GaP= 9 and the shallow donorS] level be seen in the figuteRn(d!): under the reverse big¥/gr=—2 V);
Ep=E-—0.104 eV. These values are accepted commonlyc) profiles of active concentrations of the different charge states
for GaP. AndE1=E,+0.62 eV? E2=E.—0.82 eV' The  An(d/)(x).
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bending, which is denoted & (x) in this paper, the Fermi
(a) level E¢ in the sample is taken as the zero point of energy.

- 1. Samples 11B and 11T

The results for sample 11T have similar features as those
for sample 11B shown in Fig. 2. The main difference be-
tween them is that the value¥d') (j=7,8,9 in 11T are
smaller than the corresponding values in 11B by around one
0 e sessessensnesssssuvey order of magnitude. For the sake of brevity, the results for

0.0 0.5 1.0 1.5 2.0 11T are not shown.

DEPTH [zm] It can be seen from Fig. 1 that samples 1@&Bd 117 are

still n type. A Schottky barrier is formed near the surface due

1018 — — , to contact with Au. This barrier is plotted in Fig(a) based
(b) on an ideal Schottky model; the barrier height was taken to
be 1.3 e\A® Compensation effect of the Ni acceptor has been
neglected because thé(x) is lower than the background
o n(d’) donor concentration by about two orders of magnitude in the
R . two samples 11B and 11T. The same reverse Yjas—2 V
+ n(d) was used for the two samples. It can be seen from Fig. 1 that
+ Rn(d") within the region of~0-400 A from the surface in the two
+ Rn(d% samples, there is a positive space-charge re@@&CR. The
o Rn(d) a_ctive impurity reactions for DLTS measurement in this re-
1014 ! ; gion are

0.0 05 1.0 15 2.0 - e .
DEPTH [um] Ni(d®)—Ni(d®)+ecg (reaction a

E, [eV]

1017

1016

1015

CONCENTRATION [cm?]

108 ——— — ' and

A3 ©

Ni(d®)—Ni(d’)+ecg (reaction b,

10* |- b

Al whereecg stands for an electron in the conduction band. It

A2 can be seen from Fig.(d) that reaction b happened within
0 $mi—osn oimeineinesnesn the range of 0—100 A from the surface. THg for reaction
b is estimated to be about 1.6 eV, which is beyond the mea-
* An(d") surable range of our experiment. Therefore, it is natural that
s An(d®) ] none of the levels observed in the sample could be connected
s An(d?) to the reaction. Reaction a has an activation energy 1.15 eV
‘ ) as described above, which is equal to the valué@& ob-
0.5 1.0 1.5 2.0 served in sample 11B. From this point of vieM,6 may be
caused by level Niq®d®). On the other hand, in sample
DEPTH [zm] 11T, the total amount of the same active impurity center,
SAN(d®(x))dx, is lower than that in 11B by almost one order
FIG. 2. Results calculated for samples GaP:Ni 14B and dT. of magnitude. This may be the reason the same level could
Band bendingec(x); (b) profiles of Ni in its different charge states not pbe observed in 11T. The minority level2 (0.63 eV)

(1=7,8,9 for 14T. n(d'): under zero biasRn(d): under the re-  opserved in sample 11T would be caused by the reverse pro-
verse biagVg=—4 V); (c) profiles of active concentrations of the ~egs of reaction b

different charge statesn(d!)(x), for 14T.

_‘
9
I

An(d) [10%6 m?]

_;
9

OQJ

°

Ni(d")—Ni(d®)+hyg (reaction ¢

if it was caused by Nj,, whereh,z stands for the hole in the
valence band. Inspecting Fig(c]l, no such reaction hap-
pened in sample 11Band 117. Therefore, it can be con-
cluded thatm2 does not stem from [¥j.

profile of implanted iondN(x) before annealing was calcu-
lated based on Lindhard-Scherff-Schiott thebtfaking the
diffusion effect during annealing into account, it becoffies

(X_ Rp)z

Jm2(AR )2+4DtA F{_ZAR?p"_‘]'DtA,

N(x,t)=

2. Samples 14B, 14R, and 14T

@) As can be seen from Fig. 2, sample 14T is divided into
whereR, is the average projected range of the implanted iorthree regions. Within the region<4100 A, the total nickel
in the target and\R,; is its standard deviation. For Ni ion concentratiorN(x) is high enough, up '[@8><1017 cm 3, to
implanting into GaP at 160 ke\R,=812 A andAR,=343  change the region intp type. Within the range 5500x
A (Ref. 15 were usedD is the dlfoSIon Coeff|C|ent its <9200 A, it has become a high resistivity layérlayen,
values D=1x10"1? cm¥/sec (950°0 and 3. &10°5  because of a heavy compensation. When~1 um, it is
cm/sec (700 °O were used. A discussion about the valuesstill n type due to the very low value dfi(x) there. The
of E1 andD will be made in Sec. IV. For calculating a band sample is actually g-i-n structure[see Fig. 2a)], which
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contains onep-i and onei-n junction. The concentration 10
profiles of Ni in its different charge states under zero bias,
n(d") (j=7,8,9 and those under the reverse bias(d’) are
shown in Fig. 2b). As can be seen from the figure,
n(d’)>10'" cm~2 within the region near the Au/GaP inter-
face. The value is much higher than the background shallow
donor concentratiolN, (5x10*° cm~3) and the major por-
tion of N(x) is in d’ state there. It causes that Fermi level to
be almost pinned at the Nif/d”) level. This effect is simi-
lar to the well-known surface level pinning. ThuBg(x) is \
kept flat within the region. The only exception is a very thin 104 |- Vo 3
layer close to the Au/GaP interface where the situation might ‘ F
become very complicated, but it has little influence on the m2
problem we are concerned with here so it has been ignored in 10% U \
our calculation. We will discuss this point further in Sec. 2 3 4 5
IV B. 1000/T [1/K]

As can be seen from Fig.(®, three SCR’s, which are
active for DLTS measurement, are built up within the sample |G, 3. Arrhenius plot for a comparison between &¥T) data
including two (A1 and A2) for the p-i junction and one measured for the relevant levels and those reported in Reth&0
(A3) for thei-n junction. Space-charge concentrations in thesolid line PK) and in Ref. 11(the solid lineD5).
three SCR’s varied during the DLTS measurement circle,
and all of them might make their individual contributions o Now we turn to consider the influences of activeg)i

the DLTS spectrum. Corresponding profiles of active impu-centers in the other SCR’s. They do not manifest themselves

rity concentrations are shown in the figure. on the DLTS spectra for different reasons. For instance, the
The results for samples 14B and 14R are almost the samgynsition that occurred in regioh3,

and they are similar to those for 14T shown in Fig. 2 but
differ from the latter in several aspect$) E-(x) exhibits
only one step, unlike the two-step example in sample 14T. In

comparison, the calculatel(x) for sample 14B is shown has a thermal activation energy larger thaf.6 eV. It is

in Fig. 2@ as well. Ec(x) for sample 14R is almost the .
same as that for 14B so it is not shown in the figure. Consez-ilready beyond the DLTS measurement range. The transition

X . RO a that occurred irA2 hask, =1.15 eV. No corresponding
qguently, only two SCR’s are left as is the situation in the @
usualp-n junction. The active regiom2, which is created level has been observed in the DLTS spectrum of 14T. One

by thei layer in sample 14T, disappeared in samples 14Bof the possible reasons for this is that some defect reactions
and 14R (i) The height of théAn(d7)(x) peak (within ac- occurred during the lengthy thermal annealing, which sup-

tive regionAl) increased by almost two orders of magnitudepres.SeOI the amount of §jjcenter, so that even thoug(x)
. g o . . is still kept the same as that calculated using &), both

and the height of thén(d®)(x) peak(within active region n(di)(x) andAn(d)(x) have been changed somehow
A3) increased by almost one order of magnitude because 9 '
N(x) in the two samples are concentrated in a much nar-
rower region from the surface due to weakfer 14R) or no
(for 14B) annealing effect(iii) The depth of the barrier is Comparing the calculatedn;(x) and the types of the
only around 2000 A, which is shallower than that in 14T1  individual levels observed experimentally in the spectra, the
um). For the sake of brevity, the relevant results for 14T andwo levels,m2 in 11T andml in 14T have been ruled out
14R are not shown in Figs(l® and Zc). from the candidates of Nj. So, among the levels observed

It can be seen from Fig.(B) that the transition, which in the samples listed in Table | only majority trafp$4 in
takes place in regioAl, is reaction c. Noting that the region 14B, M3 in 14R, andM6 in 11B might be caused by the
is a negative SCRNSCR) within the p-i junction, the tran-  Nig, center. To clarify this point, the temperature depen-
sition then should cause a majority peak on the DLTS specdences of carrier emission rate¥(T), of the relevant levels
trum and itsE, should be equal to 0.62 eV. Indeed, the have been compared to those of 8f(d”) and Ni(d®/d®)
levelsM4 andM3 were observed in 14B and 14R, respec-levels published in Refs. 10 and 11, respectively. The data
tively. However, there are no such majority peaks on theare shown in Fig. 3. It can be seen from the Arrhenius plot
spectrum of sample 14T. Comparing samples @l 14R  that the behavior of theM4 level is similar to that of
and 14T, the same transition occurs in all three but the activli(d®/d’) (the solid linePK in the figure, butM3 behaves
concentration in 14T is lower than that in 14B and 14R byquite differently. Therefore, it can be concluded that the lat-
almost two orders of magnitude. This might be the reasoter is not caused by Nj. It can also be seen from Fig. 3 that
that the peak can be observed in 1484) and 14R M3)  the behavior of theM6 level observed in the sample 11B is
but not in 14T. With respect to 0.60 eV minority leveh{)  close to that of Ni@®/d®) (the solid lineD5 in Fig. 3. This
observed in 14T, if it were of N, origin it would corre-  supports the correlation between them. Therefore, one can
spond to reaction ¢ and occur in a PSCR. No such reactiodraw a conclusion that only the 0.62 eW4) level in 14B
can be found in Fig. @). Therefore, thanl level could not and 1.15 eV 6) in 11B may be caused by the icenter,
be connected to Nj. among all of the levels observed experimentally.

102 |

10-3 -

eY/T? [sec?! K2]
=
3
_

Ni(d®)—Ni(d®) +hyg (reaction d

3. Temperature dependences of carrier emission rates
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TABLE Il. Comparison between the results of Bgbauer measurement on GaP:Fe and those calculated.

) Experimental results Calculated results
Anneal. Time
Sample ta (Min) 1(d®)/1(d%) Total effect n(d®)/n(d®) Nt (cm™3)
7-4 4 1.105 1.42 3.6210°° 1.38x10%°
7-60 60 1.352 1.17 1.421072 3.52x10%
lil. ANALYSIS OF MO SSBAUER SPECTRA ~3000 A from the surface in a sample, decreaset,ds-
OF Fe ION-IMPLANTED n-TYPE GaP creases. Also the ratio between the concentration ¢i%e

5 5 5\ H
It is generally believed that Fe may substitute Ga in GaPand that of Fe), 1(d°)/1(d”), increases as, increases.

. S : The relevant data are also listed in Table II.
and it may exist in three different charge states(d
Fe(d®) a¥1d Fed?). Correspondinglyg two (Ief_r/)ZIs Using the method described in Ref. 1, band bending

E1(d®/d®)=E,+0.86 eV (Ref. 17 and E2(d"/d®) Ec(X) and profiIesn(dS)(x). andN(d®)(x) were calculated
—E—0.26 eV(Ref. 19 are formed withinE, . for the samples. The profile of the total implanted Fe ion,
Qiu® measured Mssbauer spectra of the Fe ion-implantedN(X), was also calculated by using E@). The parameters

LEC GaP:S samples. The free carrier concentration of subised in the calculations aR,=906 A, AR,=380 A!® and
strates is n=5x10 cm™3 Fe ion implanting dose D(950 °Q=1x10 1% cnf/sec’® The relevant calculated re-
$=7.6x10' cm™2, energyE=160 keV, and annealing tem- sults are shown in Fig. 4. The profil(x) is shown in Fig.
peratureT ,=950 °C. The annealing timég for the samples 4(a). It can be seen from the figure that a reverse layer occurs
used are collected in Table II. within both samples, becaus$(x) has a maximum larger
The results of conversion electron ‘B&bauer spectros- than 13° cm™3, which is much larger than the free-carrier
copy measurements showed that the total effect, which isoncentrationn in both samples. Figure(d) shows their
proportional to the total amount of Fe within the rangeE(x). Comparing sample 7-4, the longgy of sample 7-60

102

1020

E
s
Z
=
5 101
=
& qom
= 10
Z
S
o 107
=
-
<
S 1016
= DEPTH [um]
1015 ! L i
0 10 20 30 40 FIG. 4. Results calculated for Fe ion-
DEPTH [1m] |mplan_ted _GaP samp!es 7-4 and 7-64).Profiles
of Fe ion-implanted into the sample)) band
102 10% bendingEc(x); (c) profiles ofn(d®)(x); (d) pro-
T T T 3 T .
files of n(d®)(x).
(©)
10%° 1 10V | i
1010 -
_ 1016 L .
5 1o ] 5 7-4
-_g ‘g 105 | p E
= 107 i = /
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DEPTH [;m] DEPTH [1m]
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distributed the implanted Fe ions over a wider range. Theresent paper. More work is needed to get a consistent analy-
p-type layer extends te-25 um from the surface in sample sis. Another possible factor responsible for the discrepancy is
7-60 and two steps appear on tBe(x). Because the ab- the surface barrier. This point will be discussed in Sec. IV B.
scissa scale is very large compared to the step width, the

second step is not obvious in the figure, but it can still be IV. DISCUSSION

recognized. Sample 7-4 has a simi&gg(x) behavior, but the

steps onEc(x) occur at different depthsy7 and~8 um, A. Shape ofEc(x)

respectively. In Ref. 1, the band bendings within a semiconductor layer

The calculated\(x) for the two samples are shown in doped inhomogeneously with a multilevel impurity have
Fig. 4@). The figure shows that near the surface, the value obeen classified into three types: multisteplike, single-step-
N(x) in sample 7-4 is higher than that in sample 7-60. Thislike, and the other¢no obvious bending depending on the
is in qualitative agreement with that observed in the experiprofile of the impurity. For sample 14B of GaP:Ni, the total
ment (see the total effects data listed in Tablg The pro-  concentration of Ni is high enough and annealing is suffi-
files n(d®)(x) and n(d®)(x) are shown in Figs. @) and cient, then two steps appear on tBg(x), and the whole
4(d), respectively. It can be seen from the two figures thatsample is actually @-i-n structure[see Fig. 2a)]. Combin-
within a layer near the surface, the valuerqfd®)(x) de- ing Figs. Za), 2(b) and Zc), it can be seen that thei step
creases as, increases, but the value afd®)(x) keeps at is caused by the transition from (d) to Ni(d®), and thei-n
the same level independent of,. Thus, the ratio step is a result of that from Ki®) to Ni(d®), as described in
n(d®)(x)/n(d®)(x) within the layer increases ak, in- Ref. 1. The transition fromn(d®)(x) to n(d®)(x) is quite
creases. This is in qualitative agreement with the result obslow [see the regiork=7500—-8500 A in Fig. &)]. The
served experimentally as welsee the ratiod (d®)/T(d®) height of the first stegat aroundx~5000 A), AE1, is equal
listed in Table I]. For comparison, the relevant values cal-to the difference between levels Ni{/d®) and Nid®/d"),
culated are listed in the two rows on the right in Table Il. E2—E1=0.81 eV. The height of the second stgp around
Inspecting the data, however, some discrepancies exist inxa~1 um), AE2, is equal to the difference betweEn in the
quantitative view. The ratio of the total amounts of Fe in theneutral n layer and level E(d%/d®. That is
two samples measured experimentdligtal effec} is only AE2=E;—E2=0.716 eV. In the calculation described
1.42/1.17=1.21, but the value calculated is 1:880°%  above, the value ofEl was taken to be Fung's data,
3.52x10'%=3.52. This difference can be attributed to someE1=E, +0.62 eV’ If the value reported by Peaket al,*°
experimental factors, for example, the detection sensitivitie€1=E,,+0.51 eV, is used, then the following changes in the
for the two samples were not the same. On the other hanaalculatedE(x), n(d’)(x), and An(d’)(x) will be intro-
the ratios!(d®)/1(d®) of the two samples are 1.105 and duced:(i) The height of the first step dBc(x), AE1, will be
1.352, but the calculated ratiogd®)/n(d®) are 3.6x10 2  changed from 0.81 to 0.92 eV, still being equal to the differ-
and 1.0%10 2, respectively. Each ratid(d®)/I(d%) was ence E2—E1. (i) While profiles Ec(x), n(d))(x), and
measured on the same sample during the same measuremamt(d’)(x) keep their main features such as the number of
circle. No problem of sensitivity was involved. By inspecting the steps orE(x), the numbers and sequence of PSCR’s,
Fig. 4(d), it can be understood that the valuesngfi®) cal- NSCR's, and the active impurity reactions, etc., the charac-
culated are limited by the shallow donor concentrationteristic depths at which the steps occur and the values of
Np=5%10'" cm3. It is reasonable, because the amount ofn(d!)(x) and An(d')(x) will be changed somewhat. How-
ecp that can be used to fill the ggd®/d®) level, resulting in  ever, these changes do not contradict the explanation de-
the transition Fag®) —n(d°®), is just the value oN, . Onthe  scribed in Sec. Il B.
other hand, the values of(d®) in the two samples go up to Qiu’s GaP:Fe samples 7-4 and 7-60 belong to this type, as
1.38<10%° and 3.5% 10 cm™3, respectively. Thus, the cal- well. For GaP:FeE1=E, +0.86 eV andE2=E.—0.26 eV,
culated ratiosn(d®)/n(d®) have been suppressed down tosoAE1=1.14 eV andAE2=0.16 eV[see Fig. 4b)].
the range of 10%-10 2, which are much smaller than the  Every transition between two adjacent charge states re-
values measured experimentally. One of the possible reasosslts in a DLTS active reaction, so an active region is
for this discrepancy is that a part of the implanted Fe iondormed. For example, in sample 14T, the first stefE=Qitx)
has not taken the substitutional site, but stayed at some irgorresponds to the transition (df)—Ni(d®) [see Fig. 2),
terstitial sites, due to the use of too large dosage. Consider-0.5 um). When the reverse bias is applied during the
ing that the typical solubility limits of 8 impurities in IlI-V DLTS measurement, the step extends intofkgpe region.
compounds are in the range of'1010'® cm™ (see Ref. 2 This cause£(x) within the extended region to be lowered
this hypothesis is reasonable. Some experimental evidens®mewhat related t&, (or to the quasi-Fermi level under
for the existence of interstitial Fe in GaP has been repdfted. reverse bias The N, levels were lowered correspondingly,
The interstitial Fe impurity in GaP may act as donors releasmaking an increase in the occupancies of the levels. The
ing some electrons into the CB. It supplies some eggato  most violent change should occur on level dfi{d’), be-
be captured by the substitutional (B8, resulting in a de- causeEr was pinned there before reversing the bias. In other
crease ofn(d®) and an increase af(d®). This causes the words, the transition Ni’)—Ni(d®) is the prominent one
ration(d®)/n(d®) to be increased. In other words, comparingthere. The region is jusl in Fig. 2c). A similar event
the results measured experimentally and those calculated, ti@kes place within regiod3, where the SCR extends into
discrepancy indicates that only a part, but not all, of thethei layer somewhat when the reverse bias is applied. Con-
implanted Fe ions has taken the substitutional sites. A desideringEx was pinned at the level Nif/d®) and Ec(x)
tailed analysis for the problem is out of the scope of thewas lowered there, the transition should béd®i—Ni(d®).
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That is just what occurred withiA3 in Fig. 2c). Inregard to  and the rear face of the substrate is connected to the positive
A2 in the figure, this corresponds to an extension of the firselectrode in the experiment. Thus, the barrier will be low-
step onE(x) into thei layer when the reverse bias is turned ered. In other wordss-(x) will rise related toE; within the

on. This raise€(x) and the occupancy of level Nif/d®) barrier region. The corresponding charge-state transition of
decreases. So the transition that occurred in the regiothe Nig, center within the region should bedy)— (d®)
should be @°)— (d®), as shown in Fig. @). It is worthy to  and/or @®) — (d’). Both of the two transitions have their
note that only three active regions appear in the sample. The,=1.1 eV. The values are too large compared to the value
other active region that would occur in theside of thei-n E,=0.60-0.70 eV, which is of concern within the analysis
junction is lost. Along the same lines of analysis, it can befor the samplegsee Table ). Therefore, it does not cause
found thatE-(x) rises there when the reverse bias is turnedany changes to the conclusions made on the samples in Sec.
on. What would happen is a decrease of the occupancy of tHéB 2 and Sec. Il B 3. So ignoring the Schottky barrier in the
Nig, center. In fact, the occupancy cannot decrease obvianalyses for the three samples is reasonable.

ously, becaus&g was located far above the level Ni{/d®) With regard to the GaP:Fe samples discussed in Sec. lll,
there, so almost all of the Qj are still in the configuration no Schottky barrier exists near the surface because there is
Ni(d®). Therefore the fourth active region for thedycenter no Au contract. But a surface barrier may exist. The barrier
cannot occur. Of course, a PSCR still exists within the reimight affect the conduction-band electron concentration
gion, but it is caused by the variation of the occupancy of thewithin the layer near the surface. For example, if the barrier
shallow donor center. should be a hole barrier, them will be raised within the

When the dopant's concentration in a sample is highbarrier region. This will increase(d®) and decreasa(d®).
enough and its profile is steep enough, B&Xx) will be  Thus, the discrepancy between the results calculated and
single-step-like, as pointed out in Ref. 1. GaP:Ni sample 14Bhose measured experimentally will be remedied in a sense.
belongs to this type, as can be seen from Fig).2Vhenx is A detailed analysis for this effect is difficult because of the
larger than 1600 AE.(x) falls down quickly. Within the shortage of relevant information.
junction region, charge-state transition€—d®—d® are
completed in sequence. 3$qd°), but notn(d®) as in the C. Diffusion coefficient
case of sample 14T, increases very rapidly and becomes the
dominant charge state of Ni.

A discussion on the active region similar to that for
sample 14T can be made for sample 14B, as well. The onI? ; i i >
difference is that the second step &g(x) is hidden as he calculatlor_l descrl_beq in Sec. Il. Adju_st|_ng the values, the
described above. It results in the disappearance of the actifgSults  obtained indicate that, within the —ranges
region corresponding té\2 in 14B; then only two active 2.8x10 —}ileo cn/sec ofor D(950°Q and
regions can be found in the sample. They are similaA1o (0_8'3>f10 cnf/sec forD(700 °0), the featuresE(x)
andA3 in 14T shown in Fig. &), but occur at~1400 and  @ndn(d))(x), such as the number of steps &r(x) and
~1700 A from the surface, respectively. their heights, the r?umber of SCR anc_i their _pol_arltles and t’he

As discussed in Ref. 1, when the doping level is very |OW,types of DLTS active concentrations in the individual SCR’s
the impurity mainly acts as a compensator, but does n ave not been changed. What has been changed are the po-

cause any obvious band bending. Roughly speaking, the sititions (depth from the surfageof the steps orec(x) and

ation in samples 11B and 11T of GaP:Ni described in Sec@mounts of the space charges within the individual SCR's.

Il B 1 belong to this typdsee Fig. 1a)] becausd(x)<10' These changes are limited in a certain degree so that the
cm 2 in 11T andN(x)<5x10"° cm ® (=Np) within the conclusions on the GaP:Ni samples given above are still

majority of the implanted layer in 11B. held.
jorty P y In general, a diffusion coefficient is thermally active:

With regard to the values of the diffusion coefficients, for
the GaP:Ni samplesD(950 °Q=1x10 *? cm’/sec and
(700 °0=3.8x10"1® cn/sec were used, respectively, in

B. Influence of the Schottky barrier near the surface D(T)=Doexp( — Q/kT). 3)

A Schottky barrier near the surface always exists in all of
the GaP:Ni samples described in Sec. II, due to the Au conBY fitting the relation with the values db used in the cal-
tact deposed on the surface. For samples 11B and 11T, &slations, the valuesQ=2.286 eV andDy=2.6x10"°
mentioned in the preceding paragraph, the Schottky barrie¥Tr/sec are obtained.
has the dominant role, and it has been taken into account in For the GaP:Fe samples, the values of the diffusion coef-
the calculation described in Sec. 11 B 1. But it has been igficients used are D(950 °Q=1x10"'° cnf/sec and
nored in the calculations for the other samples described iR (900 °O=4x10"'* cnf/sec. These values can also be ad-
Sec. 1l B 2. The problem with the Schottky barrier near thejusted within a certain range, keeping the qualitative behav-
surface in samples 14B, 14R, and 14T should be discussé@rs of the calculated(x) andn(d’)(x) as the same ob-
here. The |ayer near the surface has been Changpdy:pe tained in the (?alculations qescribed |n Sec. lll.
in the samples. The barrier will be an Ap-type GaP Baranowski, Jezewski, and Lib reported that
Schottky barrier, if it appears. It will result in decreasing D (1200 °Q=1.5x10""° Cfo/SGC for GaP:Ni. Shishiyanu and
E<(x) somewhat within the barrier region when the sampleGiorgiu’* reported a relation for GaP:Fe between 980 and
is under zero bias. While the nominal reverse bias is applied180 °C,
on the sample during the DLTS measurement, the Schottky
barrier is actually under a forward bias, because the Au elec- D..—0.66 ex;é _ 2.3x0.2 e\/)
trode is connected to the negative electrode of the source, eff =+ kT
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Comparing these data, some inconsistency seems to exigdicates that the active concentratidm(d’)<1.5x10'®
Further work needs to be done to get consistency. cm 3, which is acceptable for assigning the level to
Ni(d®)/d") providing the corresponding level is a majority
trap.m1 is a minority trap, however, thus the conclusion that
ml is not connected with N can be drawn. This is an
Usually, one makes assignments to the levels measuraskample exhibiting the significance of the calculation
by DLTS in two ways. The preliminary way is to consider scheme proposed in this work.
simply the apparent activation enerdy, as the critical Another example shown in Sec. 3, the analysis of the
value. The second way is based on a comparison between tissbauer measurement results of Fe ion-implantégbe
datae'(T), which have been called the “fingerprint” of a GaP, indicates that a comparison between the results mea-
level, and those that have already been known. Of coursgured experimentally and those calculated explores an obvi-
this method is much more reliable than the preliminary oneous discrepancy in a quantitative sense. This gives a hint as

But it is still not unambiguous. For example, the electric fieldtg the question of which crystalline sites were taken up by
effect on the emission rat¢Boole-Frenkel effe¢tmay cause  the implanted Fe ions.

E, lowering ~20%2>*and the strengths of the electric field
within the active regions in the samples used in different
experiments are not easy to keep identical. Additionally, the
situation will become more complicated for the multilevel  The calculation scheme proposed in Ref. 1 has been used
impurities, because the influences of the effect are quite difto calculateE-(x) andn(d')(x) for n-type GaP implanted
ferent for the different charge stat®'sBy using the scheme with Ni ions under different conditions. The results can be
we proposed in this paper, the concentration profiles of theised to explain the feasibility of the DLTS spectra and judge
impurities in their individual charge states can be calculatedthe assignments of the levels.

This gives another criterion to distinguish whether or not a The same scheme has been used to calciafe) and

level observed experimentally is connected with a specifia(d’)(x) for the n-type GaP samples implanted with Fe ions
impurity. For example, in the Ni ion-implantetttype GaP  used in the Mesbauer measurement. A comparison between
samples, as can be seen from Table I, all of the lerels  the results measured and those calculated gives some indica-
m2, M3, and M4 could be tentatively assigned to be tion that a part of the implanted Fe ions has taken up inter-
Nig4d®/d") according to their valueg, . By comparing be- stitial sites.

haviors ofe'(T), bothm2 andM3 can be ruled out from the These examples have confirmed the classification of the
candidates, but the'(T) data of levem1 in 14T are nottoo band bending in a semiconductor layer doped inhomoge-
far away from those of Nj(d®/d’) reported in Ref. 1Qline  neously with a multilevel impurity described in Ref. 1 and
PK in Fig. 3. Thus, whether or nainl has originated from shown that the scheme is significant in a quantitative analysis
Nig, remains questionable. The calculation for sample 14Tof the experimental results.

D. Significance of the calculation

V. CONCLUSIONS
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