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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 paper@X. 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 the Mo¨ssbauer spectra of Fe ion-implantedn-type GaP was
carried out.@S0163-1829~96!03320-6#

I. INTRODUCTION

The behavior of 3d metal impurities in semiconductors is
of concern for both theoretical and applied aspects2–6 be-
cause they may have important influences on optical, electri-
cal, and magnetic properties of materials. Usually, a 3d im-
purity may exist in more than one charge states in
semiconductors. The charge states of the impurities in a spe-
cific sample affect decisively the properties of the sample. So
determining the charge states of the impurities and their pro-
files within the doping layer in a specific sample is very
important. With regard to some physical measurements, for
example, deep-level transient spectroscopy~DLTS! and
Mössbauer spectroscopy, etc., explanation of experimental
results depends strongly on the assignments for the charge
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
junction capacitance techniques such as DLTS. For example,
some unusual peaks observed in the DLTS measurements on
Ni ion-implantedn-type GaP samples have been analyzed7

based on a preliminary estimation of the band bendings in
the samples. To improve the analysis, a quantitative calcula-
tion of band bending and the profiles of individual charge
states of the impurity within the samples has to be invoked.
In this paper some major improvements to the method used
in Ref. 7 will be made and the reasonable results reported.
Another sample is an analysis for the results of Mo¨ssbauer
spectroscopy measurement on Fe ion-implantedn-type GaP
obtained by Qiu.8 It has been observed that within a layer
0–3000 Å from the surface, the total amount of Fe decreases

and the ratio between the concentrations of the charge states
Fe~d6! and Fe~d5! increases as the annealing time increases.
An analysis for the results based on calculating band bending
within the samples also will be given in this paper.

The explanations of DLTS spectra of Ni ion-implanted
n-type GaP under different conditions will be shown in Sec.
II. An analysis of experimental results of Mo¨ssbauer spec-
troscopy measurements on Fe ion-implantedn-type GaP will
be described in Sec. III. Then in Sec. IV, some problems
about the parameters used in the calculations will be dis-
cussed. The concluding remarks will be drawn in the final
section.

II. ANALYSIS OF DLTS SPECTRA
OF Ni ION-IMPLANTED n-GaP

A. Experimental results and problem

The DLTS spectra of Ni ion-implantedn-type GaP with
different implanting conditions have been measured.7 The
substrates used are liquid-encapsulated Czochralski~LEC!
n-GaP:S with free-carrier concentrations in the range
n5~3–5!31017 cm23. The implanting energy was 160 KeV.
The dosef, annealing temperatureTA , and annealing time
tA used for the samples are listed in Table I. After implanting
and annealing, a Au contract was deposited on the implanted
face and an Ohmic contact was made on the rear face to fit
the requirement of DLTS measurement. The apparent activa-
tion energiesEa and concentrationsNt of the relevant levels
observed are also listed in Table I.

It is generally believed that Ni substitutes Ga in GaP and
may have three configurations:d7, d8, andd9, corresponding
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to two levelsE15E(d8/d7) at EV10.62 eV ~Ref. 9! or
EV10.51 eV~Ref. 10! andE25E(d9/d8) atEC20.82 eV.11

The latter one hasEa51.15 eV for electron emission, due to
its large lattice relaxation behavior. Several levels among
those listed in Table I have theirEa near the value ofE1.
They are two majority traps: 0.62 eV (M4) in 14B, 0.61 eV
(M3) in 14R; and two minority traps: 0.63 eV (m2) in 11T
and 0.60 eV (m1) in 14T. Whereas theM6 level observed in
sample 11B hasEa51.15 eV that is equal to the value ofE2.
These tentative assignments are also listed in Table I. Usu-
ally, to confirm an assignment for a level observed experi-
mentally, one makes a comparison between the measured
thermal emission rates of the level at different temperatures,
et(T), and the relevant data have previously been known.
Unfortunately, as we shall see later, sometimes this can give
a misassignment to the levels. In order to discern if the levels
are really caused by NiGa, it is necessary to know the band
bending, the concentration profiles of the relevant charge
states of Ni within the doping layers, and their variations
during the DLTS measurement circle~the process of injec-
tion bias→reverse bias,VR!. To obtain this information a
calculation on the samples has been carried out by using the
method described in Ref. 1.

B. Calculation and analysis

For a DLTS measurement,12 what we need to be espe-
cially concerned with is the transition between the different
charge states of relevant impurities within the active regions
after turning the bias from injection~0 V in our case! to
reverse (VR). Within an active region, if the concentration
profile of the j th charge state of the impurity isn j

0(x) under
zero bias, andn j

R(x) underVR , then the partial concentra-
tion profile of the impurity center in itsj th charge state,
which can make a contribution to the DLTS spectra, is

Dnj~x!5nj
0~x!2nj

R~x! ~1!

andDnj is called the active concentration of the charge state.
Using the method described in Ref. 1,n j

0(x) andn j
R(x) can

be calculated, respectively. ThenDnj (x) can be obtained
from Eq.~1!. Calculated results for samples 11B and 14T are
shown in Figs. 1 and 2, respectively. The parameters used in
the calculations areEg~GaP!52.26 eV, the relative dielectric
constant er~GaP!59, and the shallow donor (S) level
ED5EC20.104 eV. These values are accepted commonly
for GaP. AndE15EV10.62 eV,9 E25EC20.82 eV.11 The

FIG. 1. Results calculated for sample GaP:Ni 11B.~a! Band
bendingEC(x); ~b! profiles of Ni in its different charge states~j
57,8,9!. n(dj ): under zero bias@n(d7)(x),1011 cm23, so it cannot
be seen in the figure#; Rn(dj ): under the reverse bias~VR522 V!;
~c! profiles of active concentrations of the different charge states
Dn(dj )(x).

TABLE I. GaP:Ni sample conditions and comparison between the results of DLTS measurement and calculations.f: dose;TA : annealing
temperature;tA : annealing time;Ea : apparent activation energy;Tt : concentration;M : majority trap;m: minority trap.

Sample
f

~1011 cm22!
TA

~°C!
tA

~min!

Levels ~Expt.!
Tentative
assign.

et(T)
behavior

Calculated results
Confirmed
assign.Ea ~eV! Nt ~cm22! Dn(dj ) ~cm22! Type

11B 1 1.15~M6! 431015 d9/d8 ;D5a Dn(d9)<531015 M d9/d8

11T 1 950 30 0.63~m2! 331015 d8/d7 Unlike PKb Dn(d7),0 Not NiGa
14B 1000 0.62~M4! 431016 d8/d7 ;PK Dn(d7)<1.831018 M d8/d7

14R 1000 700 2 0.61~M3! 631016 d8/d7 Unlike PK Dn(d7)<1.831018 M Not NiGa
14T 1000 950 30 0.60~ml! 1.231015 d8/d7 ;PK Dn(d7)<1.531016 M Not NiGa

aD5: the electron thermal emission rate data,en
t (T), for the GaP:Ni(d9/d8) level, cited from Ref. 11.

bPK: the hole thermal emission rate data,ep
t (T), for the GaP:Ni(d8/d7) level, cited from Ref. 10.
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profile of implanted ionsN(x) before annealing was calcu-
lated based on Lindhard-Scherff-Schiott theory.13 Taking the
diffusion effect during annealing into account, it becomes14

N~x,t !5
f

ApA2~DRp!
214DtA

expF2
~x2Rp!

2

2DRp
214DtA

G ,
~2!

whereRp is the average projected range of the implanted ion
in the target andDRp is its standard deviation. For Ni ion
implanting into GaP at 160 keV,Rp5812 Å andDRp5343
Å ~Ref. 15! were used.D is the diffusion coefficient; its
values D51310212 cm2/sec ~950 °C! and 3.8310215

cm2/sec ~700 °C! were used. A discussion about the values
of E1 andD will be made in Sec. IV. For calculating a band

bending, which is denoted asEC(x) in this paper, the Fermi
level EF 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 valuesn(dj ) ~j57,8,9! in 11T are
smaller than the corresponding values in 11B by around one
order of magnitude. For the sake of brevity, the results for
11T are not shown.

It can be seen from Fig. 1 that samples 11B~and 11T! are
still n type. A Schottky barrier is formed near the surface due
to contact with Au. This barrier is plotted in Fig. 1~a! based
on an ideal Schottky model; the barrier height was taken to
be 1.3 eV.16 Compensation effect of the Ni acceptor has been
neglected because theN(x) is lower than the background
donor concentration by about two orders of magnitude in the
two samples 11B and 11T. The same reverse biasVr522 V
was used for the two samples. It can be seen from Fig. 1 that
within the region of;0–400 Å from the surface in the two
samples, there is a positive space-charge region~PSCR!. The
active impurity reactions for DLTS measurement in this re-
gion are

Ni~d9!→Ni~d8!1eCB ~reaction a!

and

Ni~d8!→Ni~d7!1eCB ~reaction b!,

whereeCB stands for an electron in the conduction band. It
can be seen from Fig. 1~c! that reaction b happened within
the range of 0–100 Å from the surface. TheEa for reaction
b is estimated to be about 1.6 eV, which is beyond the mea-
surable range of our experiment. Therefore, it is natural that
none of the levels observed in the sample could be connected
to the reaction. Reaction a has an activation energy 1.15 eV
as described above, which is equal to the value ofM6 ob-
served in sample 11B. From this point of view,M6 may be
caused by level Ni (d9/d8). On the other hand, in sample
11T, the total amount of the same active impurity center,
*Dn„d9(x)…dx, is lower than that in 11B by almost one order
of magnitude. This may be the reason the same level could
not be observed in 11T. The minority levelm2 ~0.63 eV!
observed in sample 11T would be caused by the reverse pro-
cess of reaction b

Ni~d7!→Ni~d8!1hVB ~reaction c!

if it was caused by NiGu, wherehVB stands for the hole in the
valence band. Inspecting Fig. 1~c!, no such reaction hap-
pened in sample 11B~and 11T!. Therefore, it can be con-
cluded thatm2 does not stem from NiGa.

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

As can be seen from Fig. 2, sample 14T is divided into
three regions. Within the regionx,4100 Å, the total nickel
concentrationN(x) is high enough, up to;831017 cm23, to
change the region intop type. Within the range 5500,x
,9200 Å, it has become a high resistivity layer~i layer!,
because of a heavy compensation. Whenx.;1 mm, it is
still n type due to the very low value ofN(x) there. The
sample is actually ap- i -n structure@see Fig. 2~a!#, which

FIG. 2. Results calculated for samples GaP:Ni 14B and 14T.~a!
Band bendingEC(x); ~b! profiles of Ni in its different charge states
~j57,8,9! for 14T. n(dj ): under zero bias;Rn(dj ): under the re-
verse bias~VR524 V!; ~c! profiles of active concentrations of the
different charge statesDn(dj )(x), for 14T.
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contains onep- i and onei -n junction. The concentration
profiles of Ni in its different charge states under zero bias,
n(dj ) ~j57,8,9! and those under the reverse biasRn(dj ) are
shown in Fig. 2~b!. As can be seen from the figure,
n(d7).1017 cm23 within the region near the Au/GaP inter-
face. The value is much higher than the background shallow
donor concentrationND ~531015 cm23! and the major por-
tion of N(x) is in d7 state there. It causes that Fermi level to
be almost pinned at the Ni(d8/d7) level. This effect is simi-
lar to the well-known surface level pinning. Thus,EC(x) is
kept flat within the region. The only exception is a very thin
layer close to the Au/GaP interface where the situation might
become very complicated, but it has little influence on the
problem we are concerned with here so it has been ignored in
our calculation. We will discuss this point further in Sec.
IV B.

As can be seen from Fig. 2~c!, three SCR’s, which are
active for DLTS measurement, are built up within the sample
including two ~A1 andA2! for the p- i junction and one
(A3) for thei -n junction. Space-charge concentrations in the
three SCR’s varied during the DLTS measurement circle,
and all of them might make their individual contributions to
the DLTS spectrum. Corresponding profiles of active impu-
rity concentrations are shown in the figure.

The results for samples 14B and 14R are almost the same
and they are similar to those for 14T shown in Fig. 2 but
differ from the latter in several aspects:~i! EC(x) exhibits
only one step, unlike the two-step example in sample 14T. In
comparison, the calculatedEC(x) for sample 14B is shown
in Fig. 2~a! as well. EC(x) for sample 14R is almost the
same as that for 14B so it is not shown in the figure. Conse-
quently, only two SCR’s are left as is the situation in the
usualp-n junction. The active regionA2, which is created
by the i layer in sample 14T, disappeared in samples 14B
and 14R.~ii ! The height of theDn(d7)(x) peak~within ac-
tive regionA1! increased by almost two orders of magnitude
and the height of theDn(d8)(x) peak~within active region
A3! increased by almost one order of magnitude because
N(x) in the two samples are concentrated in a much nar-
rower region from the surface due to weaker~for 14R! or no
~for 14B! annealing effect.~iii ! The depth of the barrier is
only around 2000 Å, which is shallower than that in 14T~;1
mm!. For the sake of brevity, the relevant results for 14T and
14R are not shown in Figs. 2~b! and 2~c!.

It can be seen from Fig. 2~b! that the transition, which
takes place in regionA1, is reaction c. Noting that the region
is a negative SCR~NSCR! within thep- i junction, the tran-
sition then should cause a majority peak on the DLTS spec-
trum and itsEa should be equal to 0.62 eV. Indeed, the
levelsM4 andM3 were observed in 14B and 14R, respec-
tively. However, there are no such majority peaks on the
spectrum of sample 14T. Comparing samples 14B~and 14R!
and 14T, the same transition occurs in all three but the active
concentration in 14T is lower than that in 14B and 14R by
almost two orders of magnitude. This might be the reason
that the peak can be observed in 14B (M4) and 14R (M3)
but not in 14T. With respect to 0.60 eV minority level (m1)
observed in 14T, if it were of NiGa origin it would corre-
spond to reaction c and occur in a PSCR. No such reaction
can be found in Fig. 2~c!. Therefore, them1 level could not
be connected to NiGa.

Now we turn to consider the influences of active NiGa
centers in the other SCR’s. They do not manifest themselves
on the DLTS spectra for different reasons. For instance, the
transition that occurred in regionA3,

Ni~d8!→Ni~d9!1hVB ~reaction d!

has a thermal activation energy larger than;1.6 eV. It is
already beyond the DLTS measurement range. The transition
a that occurred inA2 hasEa51.15 eV. No corresponding
level has been observed in the DLTS spectrum of 14T. One
of the possible reasons for this is that some defect reactions
occurred during the lengthy thermal annealing, which sup-
pressed the amount of NiGa center, so that even thoughN(x)
is still kept the same as that calculated using Eq.~2!, both
n(dj )(x) andDn(dj )(x) have been changed somehow.

3. Temperature dependences of carrier emission rates

Comparing the calculatedDnj (x) and the types of the
individual levels observed experimentally in the spectra, the
two levels,m2 in 11T andm1 in 14T have been ruled out
from the candidates of NiCa. So, among the levels observed
in the samples listed in Table I only majority trapsM4 in
14B, M3 in 14R, andM6 in 11B might be caused by the
NiGa center. To clarify this point, the temperature depen-
dences of carrier emission rates,et(T), of the relevant levels
have been compared to those of Ni(d8/d7) and Ni(d9/d8)
levels published in Refs. 10 and 11, respectively. The data
are shown in Fig. 3. It can be seen from the Arrhenius plot
that the behavior of theM4 level is similar to that of
Ni(d8/d7) ~the solid linePK in the figure!, butM3 behaves
quite differently. Therefore, it can be concluded that the lat-
ter is not caused by NiGa. It can also be seen from Fig. 3 that
the behavior of theM6 level observed in the sample 11B is
close to that of Ni(d9/d8) ~the solid lineD5 in Fig. 3!. This
supports the correlation between them. Therefore, one can
draw a conclusion that only the 0.62 eV (M4) level in 14B
and 1.15 eV (M6) in 11B may be caused by the NiGa center,
among all of the levels observed experimentally.

FIG. 3. Arrhenius plot for a comparison between theet(T) data
measured for the relevant levels and those reported in Ref. 10~the
solid linePK! and in Ref. 11~the solid lineD5!.
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III. ANALYSIS OF MO¨ SSBAUER SPECTRA
OF Fe ION-IMPLANTED n-TYPE GaP

It is generally believed that Fe may substitute Ga in GaP,
and it may exist in three different charge states: Fe~d5!,
Fe~d6!, and Fe~d7!. Correspondingly, two levels
E1(d6/d5)5EV10.86 eV ~Ref. 17! and E2(d7/d6)
5EC20.26 eV~Ref. 18! are formed withinEg .

Qiu8 measured Mo¨ssbauer spectra of the Fe ion-implanted
LEC GaP:S samples. The free carrier concentration of sub-
strates is n5531017 cm23. Fe ion implanting dose
f57.631016 cm22, energyE5160 keV, and annealing tem-
peratureTA5950 °C. The annealing timestA for the samples
used are collected in Table II.

The results of conversion electron Mo¨ssbauer spectros-
copy measurements showed that the total effect, which is
proportional to the total amount of Fe within the range

;3000 Å from the surface in a sample, decreases astA in-
creases. Also the ratio between the concentration of Fe~d6!
and that of Fe~d5!, I (d5)/I (d5), increases astA increases.
The relevant data are also listed in Table II.

Using the method described in Ref. 1, band bending
EC(x) and profilesn(d5)(x) andN(d6)(x) were calculated
for the samples. The profile of the total implanted Fe ion,
N(x), was also calculated by using Eq.~2!. The parameters
used in the calculations areRp5906 Å,DRp5380 Å,15 and
D~950 °C!51310210 cm2/sec.19 The relevant calculated re-
sults are shown in Fig. 4. The profileN(x) is shown in Fig.
4~a!. It can be seen from the figure that a reverse layer occurs
within both samples, becauseN(x) has a maximum larger
than 1019 cm23, which is much larger than the free-carrier
concentrationn in both samples. Figure 4~b! shows their
EC(x). Comparing sample 7-4, the longertA of sample 7-60

TABLE II. Comparison between the results of Mo¨ssbauer measurement on GaP:Fe and those calculated.

Sample
Anneal. Time
tA ~min!

Experimental results Calculated results

I (d6)/I (d5) Total effect n(d6)/n(d5) NT ~cm23!

7-4 4 1.105 1.42 3.6231023 1.3831020

7-60 60 1.352 1.17 1.4231022 3.5231019

FIG. 4. Results calculated for Fe ion-
implanted GaP samples 7-4 and 7-60.~a! Profiles
of Fe ion-implanted into the samples;~b! band
bendingEC(x); ~c! profiles ofn(d5)(x); ~d! pro-
files of n(d6)(x).
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distributed the implanted Fe ions over a wider range. The
p-type layer extends to;25 mm from the surface in sample
7-60 and two steps appear on theEC(x). Because the ab-
scissa scale is very large compared to the step width, the
second step is not obvious in the figure, but it can still be
recognized. Sample 7-4 has a similarEC(x) behavior, but the
steps onEC(x) occur at different depths,;7 and;8 mm,
respectively.

The calculatedN(x) for the two samples are shown in
Fig. 4~a!. The figure shows that near the surface, the value of
N(x) in sample 7-4 is higher than that in sample 7-60. This
is in qualitative agreement with that observed in the experi-
ment ~see the total effects data listed in Table II!. The pro-
files n(d5)(x) and n(d6)(x) are shown in Figs. 4~c! and
4~d!, respectively. It can be seen from the two figures that,
within a layer near the surface, the value ofn(d5)(x) de-
creases astA increases, but the value ofn(d6)(x) keeps at
the same level independent oftA . Thus, the ratio
n(d6)(x)/n(d5)(x) within the layer increases astA in-
creases. This is in qualitative agreement with the result ob-
served experimentally as well@see the ratiosI (d6)/T(d5)
listed in Table II#. For comparison, the relevant values cal-
culated are listed in the two rows on the right in Table II.
Inspecting the data, however, some discrepancies exist in a
quantitative view. The ratio of the total amounts of Fe in the
two samples measured experimentally~total effect! is only
1.42/1.17.1.21, but the value calculated is 1.3831020/
3.5231019.3.52. This difference can be attributed to some
experimental factors, for example, the detection sensitivities
for the two samples were not the same. On the other hand,
the ratios I (d6)/I (d5) of the two samples are 1.105 and
1.352, but the calculated ratiosn(d6)/n(d5) are 3.6231023

and 1.0231022, respectively. Each ratioI (d6)/I (d5) was
measured on the same sample during the same measurement
circle. No problem of sensitivity was involved. By inspecting
Fig. 4~d!, it can be understood that the values ofn(d6) cal-
culated are limited by the shallow donor concentration
ND5531017 cm23. It is reasonable, because the amount of
eCB that can be used to fill the FeGa(d

6/d5) level, resulting in
the transition Fe(d5)→n(d6), is just the value ofND . On the
other hand, the values ofn(d5) in the two samples go up to
1.3831020 and 3.5231019 cm23, respectively. Thus, the cal-
culated ratiosn(d6)/n(d5) have been suppressed down to
the range of 1023–1022, which are much smaller than the
values measured experimentally. One of the possible reasons
for this discrepancy is that a part of the implanted Fe ions
has not taken the substitutional site, but stayed at some in-
terstitial sites, due to the use of too large dosage. Consider-
ing that the typical solubility limits of 3d impurities in III-V
compounds are in the range of 1017–1018 cm23 ~see Ref. 2!,
this hypothesis is reasonable. Some experimental evidence
for the existence of interstitial Fe in GaP has been reported.20

The interstitial Fe impurity in GaP may act as donors releas-
ing some electrons into the CB. It supplies some extraeCB to
be captured by the substitutional Fe~d5!, resulting in a de-
crease ofn(d5) and an increase ofn(d6). This causes the
ration(d6)/n(d5) to be increased. In other words, comparing
the results measured experimentally and those calculated, the
discrepancy indicates that only a part, but not all, of the
implanted Fe ions has taken the substitutional sites. A de-
tailed analysis for the problem is out of the scope of the

present paper. More work is needed to get a consistent analy-
sis. Another possible factor responsible for the discrepancy is
the surface barrier. This point will be discussed in Sec. IV B.

IV. DISCUSSION

A. Shape ofEC„x…

In Ref. 1, the band bendings within a semiconductor layer
doped inhomogeneously with a multilevel impurity have
been classified into three types: multisteplike, single-step-
like, and the others~no obvious bending!, depending on the
profile of the impurity. For sample 14B of GaP:Ni, the total
concentration of Ni is high enough and annealing is suffi-
cient, then two steps appear on theEC(x), and the whole
sample is actually ap- i -n structure@see Fig. 2~a!#. Combin-
ing Figs. 2~a!, 2~b! and 2~c!, it can be seen that thep- i step
is caused by the transition from Ni~d7! to Ni~d8!, and thei -n
step is a result of that from Ni~d8! to Ni~d9!, as described in
Ref. 1. The transition fromn(d8)(x) to n(d9)(x) is quite
slow @see the regionx.7500–8500 Å in Fig. 2~b!#. The
height of the first step~at aroundx;5000 Å!, DE1, is equal
to the difference between levels Ni(d9/d8) and Ni(d8/d7),
E22E150.81 eV. The height of the second step~at around
x;1 mm!, DE2, is equal to the difference betweenEF in the
neutral n layer and level E(d9/d8). That is
DE2.ED2E250.716 eV. In the calculation described
above, the value ofE1 was taken to be Fung’s data,
E15EV10.62 eV.9 If the value reported by Peakeret al.,10

E15EV10.51 eV, is used, then the following changes in the
calculatedEC(x), n(d

j )(x), and Dn(dj )(x) will be intro-
duced:~i! The height of the first step onEC(x), DE1, will be
changed from 0.81 to 0.92 eV, still being equal to the differ-
ence E22E1. ~ii ! While profiles EC(x), n(d

j )(x), and
Dn(dj )(x) keep their main features such as the number of
the steps onEC(x), the numbers and sequence of PSCR’s,
NSCR’s, and the active impurity reactions, etc., the charac-
teristic depths at which the steps occur and the values of
n(dj )(x) andDn(dj )(x) will be changed somewhat. How-
ever, these changes do not contradict the explanation de-
scribed in Sec. II B.

Qiu’s GaP:Fe samples 7-4 and 7-60 belong to this type, as
well. For GaP:Fe,E15EV10.86 eV andE25EC20.26 eV,
soDE1.1.14 eV andDE2.0.16 eV@see Fig. 4~b!#.

Every transition between two adjacent charge states re-
sults in a DLTS active reaction, so an active region is
formed. For example, in sample 14T, the first step onEC(x)
corresponds to the transition Ni~d7!→Ni~d8! @see Fig. 2~b!,
;0.5 mm!. When the reverse bias is applied during the
DLTS measurement, the step extends into thep-type region.
This causesEC(x) within the extended region to be lowered
somewhat related toEF ~or to the quasi-Fermi level under
reverse bias!. The NiGa levels were lowered correspondingly,
making an increase in the occupancies of the levels. The
most violent change should occur on level Ni(d8/d7), be-
causeEF was pinned there before reversing the bias. In other
words, the transition Ni~d7!→Ni~d8! is the prominent one
there. The region is justA1 in Fig. 2~c!. A similar event
takes place within regionA3, where the SCR extends into
the i layer somewhat when the reverse bias is applied. Con-
sideringEF was pinned at the level Ni(d9/d8) and EC(x)
was lowered there, the transition should be Ni~d8!→Ni~d9!.
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That is just what occurred withinA3 in Fig. 2~c!. In regard to
A2 in the figure, this corresponds to an extension of the first
step onEC(x) into thei layer when the reverse bias is turned
on. This raisesEC(x) and the occupancy of level Ni(d

9/d8)
decreases. So the transition that occurred in the region
should be (d9)→(d8), as shown in Fig. 2~c!. It is worthy to
note that only three active regions appear in the sample. The
other active region that would occur in then side of thei -n
junction is lost. Along the same lines of analysis, it can be
found thatEC(x) rises there when the reverse bias is turned
on. What would happen is a decrease of the occupancy of the
NiGa center. In fact, the occupancy cannot decrease obvi-
ously, becauseEF was located far above the level Ni(d

9/d8)
there, so almost all of the NiGa are still in the configuration
Ni~d9!. Therefore the fourth active region for the NiGa center
cannot occur. Of course, a PSCR still exists within the re-
gion, but it is caused by the variation of the occupancy of the
shallow donor center.

When the dopant’s concentration in a sample is high
enough and its profile is steep enough, theEC(x) will be
single-step-like, as pointed out in Ref. 1. GaP:Ni sample 14B
belongs to this type, as can be seen from Fig. 2~a!. Whenx is
larger than 1600 Å,EC(x) falls down quickly. Within the
junction region, charge-state transitionsd7→d8→d9 are
completed in sequence. Son(d9), but not n(d8) as in the
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 only
difference is that the second step onEC(x) is hidden as
described above. It results in the disappearance of the active
region corresponding toA2 in 14B; then only two active
regions can be found in the sample. They are similar toA1
andA3 in 14T shown in Fig. 2~c!, but occur at;1400 and
;1700 Å from the surface, respectively.

As discussed in Ref. 1, when the doping level is very low,
the impurity mainly acts as a compensator, but does not
cause any obvious band bending. Roughly speaking, the situ-
ation in samples 11B and 11T of GaP:Ni described in Sec.
II B 1 belong to this type@see Fig. 1~a!# becauseN(x)<1015

cm23 in 11T andN(x)<531015 cm23 ~5ND! within the
majority of the implanted layer in 11B.

B. Influence of the Schottky barrier near the surface

A Schottky barrier near the surface always exists in all of
the GaP:Ni samples described in Sec. II, due to the Au con-
tact deposed on the surface. For samples 11B and 11T, as
mentioned in the preceding paragraph, the Schottky barrier
has the dominant role, and it has been taken into account in
the calculation described in Sec. II B 1. But it has been ig-
nored in the calculations for the other samples described in
Sec. II B 2. The problem with the Schottky barrier near the
surface in samples 14B, 14R, and 14T should be discussed
here. The layer near the surface has been changed top type
in the samples. The barrier will be an Aup-type GaP
Schottky barrier, if it appears. It will result in decreasing
EC(x) somewhat within the barrier region when the sample
is under zero bias. While the nominal reverse bias is applied
on the sample during the DLTS measurement, the Schottky
barrier is actually under a forward bias, because the Au elec-
trode is connected to the negative electrode of the source,

and the rear face of the substrate is connected to the positive
electrode in the experiment. Thus, the barrier will be low-
ered. In other words,EC(x) will rise related toEF within the
barrier region. The corresponding charge-state transition of
the NiGa center within the region should be (d9)→(d8)
and/or (d8)→(d7). Both of the two transitions have their
Ea>1.1 eV. The values are too large compared to the value
Ea.0.60–0.70 eV, which is of concern within the analysis
for the samples~see Table I!. Therefore, it does not cause
any changes to the conclusions made on the samples in Sec.
II B 2 and Sec. II B 3. So ignoring the Schottky barrier in the
analyses for the three samples is reasonable.

With regard to the GaP:Fe samples discussed in Sec. III,
no Schottky barrier exists near the surface because there is
no Au contract. But a surface barrier may exist. The barrier
might affect the conduction-band electron concentrationn
within the layer near the surface. For example, if the barrier
should be a hole barrier, thenn will be raised within the
barrier region. This will increasen(d6) and decreasen(d5).
Thus, the discrepancy between the results calculated and
those measured experimentally will be remedied in a sense.
A detailed analysis for this effect is difficult because of the
shortage of relevant information.

C. Diffusion coefficient

With regard to the values of the diffusion coefficients, for
the GaP:Ni samplesD~950 °C!51310212 cm2/sec and
D~700 °C!53.8310215 cm2/sec were used, respectively, in
the calculation described in Sec. II. Adjusting the values, the
results obtained indicate that, within the ranges
2.8310213–1.7310212 cm2/sec for D~950 °C! and
~0–8.3!310214 cm2/sec forD~700 °C!, the featuresEC(x)
and n(dj )(x), such as the number of steps onEC(x) and
their heights, the number of SCR and their polarities and the
types of DLTS active concentrations in the individual SCR’s
have not been changed. What has been changed are the po-
sitions ~depth from the surface! of the steps onEC(x) and
amounts of the space charges within the individual SCR’s.
These changes are limited in a certain degree so that the
conclusions on the GaP:Ni samples given above are still
held.

In general, a diffusion coefficient is thermally active:

D~T!5D0exp~2Q/kT!. ~3!

By fitting the relation with the values ofD used in the cal-
culations, the valuesQ52.286 eV andD052.631023

cm2/sec are obtained.
For the GaP:Fe samples, the values of the diffusion coef-

ficients used are D~950 °C!51310210 cm2/sec and
D~900 °C!54310211 cm2/sec. These values can also be ad-
justed within a certain range, keeping the qualitative behav-
iors of the calculatedEC(x) andn(d

j )(x) as the same ob-
tained in the calculations described in Sec. III.

Baranowski, Jezewski, and Liro19 reported that
D~1200 °C!51.531026 cm2/sec for GaP:Ni. Shishiyanu and
Giorgiu21 reported a relation for GaP:Fe between 980 and
1180 °C,

Deff50.66 expS 2
2.360.2 eV

kT D .
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Comparing these data, some inconsistency seems to exist.
Further work needs to be done to get consistency.

D. Significance of the calculation

Usually, one makes assignments to the levels measured
by DLTS in two ways. The preliminary way is to consider
simply the apparent activation energyEa as the critical
value. The second way is based on a comparison between the
dataet(T), which have been called the ‘‘fingerprint’’ of a
level, and those that have already been known. Of course,
this method is much more reliable than the preliminary one.
But it is still not unambiguous. For example, the electric field
effect on the emission rates~Poole-Frenkel effect! may cause
Ea lowering;20%,22,23and 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
impurities, because the influences of the effect are quite dif-
ferent for the different charge states.24 By using the scheme
we proposed in this paper, the concentration profiles of the
impurities in their individual charge states can be calculated.
This gives another criterion to distinguish whether or not a
level observed experimentally is connected with a specific
impurity. For example, in the Ni ion-implantedn-type GaP
samples, as can be seen from Table I, all of the levelsm1,
m2, M3, and M4 could be tentatively assigned to be
NiGa(d

8/d7) according to their valuesEa . By comparing be-
haviors ofet(T), bothm2 andM3 can be ruled out from the
candidates, but theet(T) data of levelm1 in 14T are not too
far away from those of NiGa(d

8/d7) reported in Ref. 10~line
PK in Fig. 3!. Thus, whether or notm1 has originated from
NiGa remains questionable. The calculation for sample 14T

indicates that the active concentrationDn(d7)<1.531016

cm23, which is acceptable for assigning the level to
Ni(d8)/d7) providing the corresponding level is a majority
trap.m1 is a minority trap, however, thus the conclusion that
m1 is not connected with NiGa can be drawn. This is an
example exhibiting the significance of the calculation
scheme proposed in this work.

Another example shown in Sec. 3, the analysis of the
Mössbauer measurement results of Fe ion-implantedn-type
GaP, indicates that a comparison between the results mea-
sured experimentally and those calculated explores an obvi-
ous discrepancy in a quantitative sense. This gives a hint as
to the question of which crystalline sites were taken up by
the implanted Fe ions.

V. CONCLUSIONS

The calculation scheme proposed in Ref. 1 has been used
to calculateEC(x) andn(d

j )(x) for n-type GaP implanted
with Ni ions under different conditions. The results can be
used to explain the feasibility of the DLTS spectra and judge
the assignments of the levels.

The same scheme has been used to calculateEC(x) and
n(dj )(x) for then-type GaP samples implanted with Fe ions
used in the Mo¨ssbauer measurement. A comparison between
the results measured and those calculated gives some indica-
tion that a part of the implanted Fe ions has taken up inter-
stitial sites.

These examples have confirmed the classification of the
band bending in a semiconductor layer doped inhomoge-
neously with a multilevel impurity described in Ref. 1 and
shown that the scheme is significant in a quantitative analysis
of the experimental results.
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