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Band bending within inhomogeneously doped semiconductors with multilevel impurities.
I. Theory
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Based on the theory of carrier statistics under thermal equilibrium, a method for calculating band bending
and concentration profiles of a multilevel impurity center in its individual charge states within a semiconductor
inhomogeneously doped with the impurity by solving the Poisson equation has been proposed. The boundary
conditions used are as follows: the sample as a whole and everywhere outside the doped layer are kept
electrically neutral. Discussions as to whether the multisteplike barrier might exist in this type of doping layer
and the significance of the calculation are md&0163-18206)03220-]

I. INTRODUCTION -1,...,1,0-1,...,—n, the charge states can be denoted as
T M= 7 TOTY, .. T, totally m+n+1
In principle, statistics allows us to determine the popula-states, themm+n levelsT[m—/(m—1)—],...,T[(n—1)+/
tion of impurity levels in semiconductors. For cases in whichn+] will be formed. Some of these levels may be located
an impurity may exist in different charge states and is dopegyithin E, of the substrate.
inhomogeneously, the problem becomes more complex and For this kind of impurity, solving Eq(1) will present
to our knowledge has not yet been solved, even though it hagome problems. In some cases, the doping profile is inhomo-
been of concern for a long time. We shall devglop a numerigeneous, for example, in the cases of doping by thermal dif-
cal calculation scheme for dealing with the subject, and SOmgsijon or jon implantation currently used in technology. Be-

general features of the band bending in these cases will use electron occupancy of the charge statesof the

drawn. This is important for assigning charge states of 'm"lmpurity, fi~, depends on the distance between the corre-

purities in the samples used in the experiment and even fogponding impurity level and Fermi level and the former

designing devices that qontalrj this kind of impurity. keeps a constant distance from the band edge, the integrated
In the case where an impurity forms only one local energy. . on p(X) on the right side of Eq(1) is a function of

level within the forbidden gap of the substrate, the ban the left side of th tion. Theref |
bending(barrien within the doping layer can, in principle, be . (x) on the left side of the same equation. Thereiore, Solv-
ing Eq. (1) becomes a self-consistent problem. It has no ana-

calculated by integrating the Poisson equation : S 2
lytic solution in principle.

d2Vv(x) p(X) The behavior of 8 metal impurities in semiconductors is
O - < (1)  of concern for both theoretical and applied aspéétSince

the 1980’s, the theory of Belectronic states in semiconduc-

whereV(x) denotes potential variation along tkelirection,  tors has progressed extensivély It has been suggested that
p is charge density, and is the dielectric constant of the the energy levels of @ impurities can be used as a reference
material. When the profile of the ionized impurity density to determine the band offsets in quantum wells and
can be written in an analytic form, this kind of problem can superlattices.
be solved without difficulty, providing proper boundary con-  Generally speaking, @ impurities may have important
ditions corresponding to the profile are used. For examplenfluences on optical, electrical, and magnetic properties of
the solutions for abrupt or linearly gradgdn junctions are  materials. These effects are restricted by charge states of the
well known. impurities in the materials. Then, determination of charge

Some impurities, such asd3group transition metal ele- states of the impurities and their profiles within the doping
ments Fe, Ni, and Cr, etc., may exist in multicharge statetayer in a specific sample is very important. With regard to
after being doped into semiconductors. For an example, it isome physical measurements, such as deep level transient
generally believed that Ni substitutes Ga in GaP and it mappectroscopy, optical absorption, electron magnetic reso-
exist in three different charge states:(#f), Ni(d®), and nance, and Mssbauer spectroscopy, etc., explanation of ex-
Ni(d’).2 Correspondingly, two levels, Nif/d’) and perimental results depends strongly on the assignments for
Ni(d®/d®) are formed within the forbidden gap, . Refer-  charge states of the impurity in the sample. Thus, the calcu-
ring to the Ga ions that have been substituted, nickel ions itations of the band bending and concentration profiles of a
the three charge states are overfilled by 2, 1, and 0 electronsyultilevel impurity within a specific doped layer is a signifi-
respectively. For convenience, when the number of the overant task.

filled electrons isj, we denote the charge statesjas, and The relevant theoretical basis will be described briefly in
the levels ag—/(j —1)—. Generally speaking, for an impu- Sec. Il. The theoretical model used in this work will be
rity T that may exist in charge statéd~ with j=m,m  drawn in Sec. Ill. Then in Sec. IV, the problem with a
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multisteplike band bending that may occur within the doping
layer will be discussed. The final section will provide the

concluding remarks.

Il. THEORETICAL BASIS
A. Charge density

Assume that both a don@ and an acceptok are doped
into a semiconductor, and bofh andA may exist in multi-
charge states. The corresponding multileveEp,
(i=1,2,...n) andE,; (j=1,2,...m) are formed in the for-
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(1/2)‘[ Hl exfl (Epq— EF)/kT]}
e

f(Eo= )= . ®
with
m k
D=1+ (124 I exp(#)
k=1 p=1 T
n |
+> ' 1 exp(M) ©)

=1 4=1 kT

bidden gap. The doping profiles are assumed to be homoge-

neous in both directiong andz but inhomogeneous in the
direction. Then the charge densityxatan be written as

Profile N(x) is determined by the doping technology. From
Egs.(7) and(8), we obtain
nAj:Nf(EAj), (10)

Npi=Nf(Ep;). (11)

p<x>=|o<x>—n<x>—j§l ”Ai(x”i; poi(¥), (2

It is worthwhile to note that both expressions f{E ;)
wherep andn are the concentrations of electron in the con-and f(Ep,), Eq. (7) and(8), containEg ; on the other hand
duction bandCB) and that of hole in the valence batB),  E,; andEp, are defined with respect to the band edges
respectively. From general semiconductor statistics, it iandE, . Thus,n,;(x) andnp;(x) depend on botiN(x) and
known that Ec(x)—Eg. Eg will be taken as the zero point of energy in

the calculations described below.

n(x)=Ncexp{[ Ex(X) — Ec(x)1/kT} (3) Substituting Eqs(3)—(8) into Eq. (2), a general expres-
sion of p(x) can be obtained.
and
B. Poisson equation
P(x) =Nyexp{[ Ey(x) —Eg(x) J/KT}. (4) Substituting Eq(2) into the Poisson equatiqd), the spe-

cific equation that we need to solve is obtained.
In these expressions, the following notations are udgd: Due to inhomogeneous doping, a space charge region
andN,, are effective densities of states in the CB and VB;(SCR) is built up in the sample, then a band bending occurs
Ec andE, are the bottom of the CB and top of the VB, and a barrier is formed. A simple example for the situation is
respectively;Er is the Fermi level, which is a constant in a the junction region of g-n junction. Within a homoge-
thermal equilibrium systemp,; is the contribution to the neously doped region, no space charge occurs and the energy

total charge densityabsolute valugfrom the j-fold ionized
acceptor angyp; is that from thei-fold ionized donor. They
may be expressed as

5

Paj(X)=]na;(X),

(6)

wheren,; is the concentration of thefold ionized acceptor
andnp; is that of thei-fold ionized donor. In the case that

ppi(X)=inp;(x),

band is still flat. Electrical neutrality should be satisfied ev-
erywhere within the region. This region will be called the
electrical neutral regioENR) hereafter. Takind= within
ENR as the zero point of potentisl, then

Ec(X)=—qV(x). 12
Thus, the Poisson equatidh) can be rewritten as
d’Ec(x)  p(X)q
oZ - (13

more than one acceptor and/or donor are doped, the corre-

sponding terms should be added into E2). When only one

impurity is doped into a semiconductor, and the impurity

forms several acceptor and donor levels witki, the last
two terms on the right side of EQ) represent the contribu-

tions from the acceptor and donor levels of the impurity

center, respectively. For this situation, Milfidsas proved
that if N is the total density of the impurity center, then
electron occupancy of thgh acceptor level is equal to

j

pl;[l exfl (Eap— Ep)/KT]

(1/2)1'{

n .
f(EApz(ﬁ = 5 ,

(@)

and that of thath donor level is equal to

As described above, (x) on the right side of the equa-
tion and Ec(x) on the left side are dependent upon each
other, solving Eq(13) will become a self-consistent prob-
lem. In general, it cannot be done analytically and a numeri-
cal solution will be called for.

When a reverse bia¥y is applied on the sample, the
system will be turned into nonequilibrium. In this case, the
quasi-Fermi levels€¢ and EP for electron and hole sub-
systems, respectively, can be used insteadtof It is as-
sumed that bottlE} andEP are kept at their own constant
values within the barrier region, arielR—ER=|V,|. Thus,
the discussions about the Poisson equation @xJ made
above can be maintained to be correct. With regard to calcu-
lations of occupancies of the impurity leves] or EP will
be used depending on with which band, CB or VB, the level
exchanges carriers.
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under the tail cutoff approximation, the boundary conditions

needed for solving Eq.13) can be obtained as

o 8(X)|>(>x0: 0, (14
E
2] X
é 0 " 8(X)|x<xn:0- (15
=
S NSCR EC(X)|x>xO= Ec(X0)=Eco. (16)
<
i
© EC(X)|x<xn: EC(Xn) = Eé:o ’ (17)

Xn

f p(x)dx=0, (18
Xo

X
wheree is electric field E¢q in Eq.(16) andE¢, in Eq. (17)
are the values oE within the regionsx=x, and x<x,,
respectively.

FIG. 1. A schematic profile of space charges within a space
charge region.

Ill. CALCULATION SCHEME B. Iterative equation

A. SCR and boundary conditions For convenience in computer calculation, SCR,&,) is

In the case that the doping profile is inhomogeneous, edivided into small enougm equal segmentsx(,,xn,l),

pecially when the impurity induces more than one level, thdXn-1Xn-2),--» (Xi:Xi—1),-.., (X2,X1), (X1,Xo); the length

shape of SCR and the band bending may be very complf SUch a segment isx. Integrating Eq(13) from x, to x;,
cated. But in any case, the positive space charges alwa)‘/ge get

exist within some regions, forming positive SCR’s dEc(x)‘ dEC(x)‘ qp(x)

(PSCR’g; and the negative space charges exist within other ax ‘ — ‘ + . AX. (19
regions, forming negative SCR®SCR’S. For the sake of %; X1

brievity, only the cases in which one PSCR and one NSCRntegrating twice gives

are formed in a sample will be treated bel¢see Fig. 1 It

is not difficult to deal with the cases in which more than one ap(x;)

PSCR and NSCR occur along a similar line. Ec(X)=2Ec(X;_1)—Ec(Xj_2)+ e (AX)2. (20)

To satisfy the requirement for keeping electrical neutrality
within the sample as a whole, the absolute value of the total'he expression op(x;) is given by Eq.(2). Noting that
charge in PSCR and that in NSCR should be equal to each(x;) =p(Ec(X;)), when the values oE at two pointsx;_4
other. The condition of electrical neutrality should also beand x;_, within (X, ,Xo), Ec(X;-1) and Ec(x;_,) can be
valid everywhere within the ENR’s. We shall restrict our- determinedEc(x;) can be calculated using E(0) numeri-
selves to the case in which only one maximum occurs on théally. Following an iteration using the same equation, a set
doping profile. Actually, total impurity concentration profiles of values Ec(Xo),Ec(X1),Ec(X).....Ec(X,), denoted as
formed by the current doping technologies such as ion imiEc(x;)}, may be obtained. That is just the band bending
plantation and thermal diffusion belong to this case. For jonf¥ithin the whole SCR. - _
implantation, the profile of total concentration of the im- ~ From the boundary conditions Eqd.6) and(17), it can
planted ionN(x) is a Gaussian distribution. For thermal dif- P& seen thaEc(xo) = Eco, which may be determined from
fusion with a constant source th¥(x) is an error function €qulibrium statistics in the ENR=x,, and E¢(X,) =Ecg
complement distribution. Both of them have only one maxi-may be calculated in the ENR<Xx, in the same way. Due to
mum. In this sort of case, any form of distribution may havethe continuity ofEc(x) the latter valueE, should be equal
a tail region within whichN(x) slowly tends to its value in to the asymptotic value ofEc(x;)) when x;—x,, ie.,
the neighboring homogeneously doped region. At the samEc(x,) =E¢,. This requirement can be used as a criterion
time, the space-charge densipfx) gradually approaches for judging the feasibility of the calculatelE(x;)}.
zero. In practical problems, when the absolute valug(gj During the first step of the calculatiohwas taken to be
becomes smaller than a certain valbre|p(xy)| (see Fig. 1, 2, thenEc(X;_,) =E(X) was known and a tentative value
very light doping has only a negligible effect on the material.of Ec(X;_1) =Ec(X;), denoted a& Q)(xl), was chosen to be
Of course, there is a point, on the opposite side of the substituted into Eq(20). Thus a value of &)(x,) could be
SCR, wherep(x,)= —p(Xg). Therefore, it is reasonable to obtained using the relation betwe&(x;) and p(x;) ex-
take the regionx,,X,) as the SCR in the case shown in Fig. pressed through Eq§2)—(11). During the second step, tak-
1, and the areas outside the region will be regarded afg i=3 and substituting the valugs{)(x,) and E &(x,)
ENR’s. This approximation may be called the “tail cutoff into Eq. (200 as Ec(x_1) and Ec(x_,), respec-
approximation.” tively, a value E)(x3) could be obtained. Following an

Considering the fact that electrical neutrality will be keptiterative calculation, a set of valuesE ) (xo)
within the sample as a whole and everywhere in ENR's]=E¢(X,),E(x,),EP(x,),... E&Q(x,)], denoted as
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{ES(x))} could be obtained. By checking the asymptotic
behavior of{E )(x;)} whenx;—X,, and the difference be-
tween its asymptotic valugvhenx;—Xx,) andEs,, the fea-
sibility of the solution{E {)(x;)} can be judged. If it does
not satisfy the conditions given in the preceding paragraph, a
new tentative value oE¢(x,), E&(x,), should be chosen.
Then a new set ofE &)(x;)} would be obtained in the same
way as described above. If the calculation was carriedoout
times, following the same method, until the asymptotic be-
havior of{EE:p)(xi)}XﬁXn was good enough and the differ-
ence between its asymptotic value dfyg, was smaller than

a predesigned critical valug then{E {P’(x;)} is a reasonable
approximate solution of the band bendifff-(x;)}.

C. Profiles of impurity charge state concentrations
and space-charge density

As mentioned above, the band bend{fig:(X;)} in a SCR ()
can be calculated by using the iterative equat@®). Insert-
ing the values of E-(x;)} into Egs.(3), (4), (7), and(8), the c
profiles {n(x))}, {P(x))}, {naj(xi)}, and{np;(x)} can be
calculated. Substituting them into E¢2), the profile of
space-charge densitjp(x;)} can be obtained. Integrating
{p(x;)} within the region betweerx, and x,, the result
should be equal to zero as expected from @®). In prac-
tice, an integration smaller than a certain value depending on
the error level of the calculation can be accepted. Otherwise,
it implies that thex, used is not far enough from the surface
and a newx, point should be chosen. In principle, tkg
point should be chosen as far as possible from the surface,
but if it is too far away from the surface error accumulation
during the integration may blur the result.
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FIG. 2. Schematic band bendings) Multisteplike band bend-
IV. CLASSIFICATION OF BAND BENDING ing, (b) Single-step-like band bending.

The calculation scheme described in the preceding sectiogsistivity layer (i layen. The whole sample is actually a
has been used in the cases of Ni-implame@aP under the  _j_n structure. Thep-i step is caused by transition from

different conditions. The details will be reported in Ref. 9. In Nj(d7) to Ni(d®), and thei-n step is result of the transition

GaP, Ni substituted Ga, §i, may exist in three different from Ni(d®) to Ni(d®). Within thei layer, E¢ is located near
charge states, with=0, 1, and 2. Consequently, two impu- |evel Ni(d®/d%), and the distance between them varies quite
rity levels E1 andE2 are formed within theEg, E1 is @ gjowly. The height of the first steg\E1, is approximately

single acceptor leveA,, E2 is a twofold acceptor leveh,. equal to the difference between levels #fi(d®) and
So the calculation scheme is suitable for the system. In thjj(g8/d7), E2—E1,

calculation, the following parameters were used:

E1=E,+0.62 eV® E2=E.—0.82 eV!! and E;,=2.26 AE1=E2—E1=E(d%d® —E(d®d")

eV. The typical calculated band bendings are shown in Fig.

2. From the results, the following types of band bending can =E4—0.82 eV-0.62 eV=0.81 eV.

be classified. The height of the second steffE2, is approximately equal

to the difference betwees, in the neutrah layer and level
A. Multisteplike band bending E(d9/d8). That is,

When dopant concentration in a sample is high enough
and annealed sufficiently, the typical calculated band bend-
ing is like that shown in Fig. @). A layer near the surface —0716 eV
[the region(0x,)] becomesp type, becaus&, is located ‘ '
nearer to VB than to CB within the layer. Additionally, there Within the region where the total concentration of the 3
is a rather wide transition regidithe region &,,x,)] from  impurity N is high enoughE; is pinned approximately at
the p-type layer to then-type substrate, since impurity con- E1. This region forms the first plateau & (x),(0Xx4) in
centration varies slowly as the depth increases. Then twéig. 2(a). As N(x) decreased:(x) reduces related t&g.
steps appear on thEc(x). Within the plateau region be- On the second plateaux{,x;) in Fig. 2@), Eg is pinned
tween the two stepsxg,xs3), Ep is located far away from approximately atE2. After that Ec(x) reduces again, and
both band edge&E andE,), so this region becomes a high goes to its value in the next ENE,. Within the ENRE,

AE2~Ep—E2=(Ec—0.104 e\j—(Ec—0.82 eV}
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is located approximately &-,— Ep . Therefore, the heights In the case that the sample wadype before the doping,

of the two steps onEc(x) are approximately equal to a similar discussion can be made, the only difference is that
E2—E1Ep—E2 in order as described above. GenerallyVB should be used instead of CB and vice versa in the de-
speaking, an impurity may creakelevels in theE;:m ac-  scription above.

ceptor levels An,,An_1,---sA;) and n donor levels Generally speaking, when the doping concentration is so
(D4,Dy,...,D,), with m+n=k. For the samples that were  high that the near-surface layer reverses its type Md(x)

type before doping with the impurity, as long as the dopingreduces very quickly as depthincreases, the multisteplike
concentration is high enough and annealed sufficiemly, band bending described in the preceding paragraph will dis-
steps will appear o&(x). Every step corresponds to a tran- appear, resulting in the formation of a singlen junction,
sition between two adjacent charge states of the impuEity, which has a single-step-like band bending.

is pinned atE ,; within the plateau ahead of th¢h step and
pinned atE, ;1) within the next plateau. For the last step,
its “next plateau” is just the ENR in the substrate, in which
Er is pinned approximately aEp. Thus the heights When the doping level is very low so th&: does not

of the first to mth steps should be approximately equalvary a great deal within the whole sample, the problem will
to AE1=Ep,—Ep;, AE2=Ep3—Epp...,AEj=E,j 41y  be simplified. In am-type sample, the impurity will exist in
—Epjs  AE(M=1)=Epn—Eam-1), AEM=Ep—E; in  the charge state in which the number of electrons occupied
order. For the samples that wepetype before the doping, on the center is the largest. Inmtype sample, a similar
and with a high enough doping levéo(x) will behave ina sijtuation will happen, but a hole should be used instead of an
similar way. The heights of the steps should beelectron in the description above. In this sort of case, the
approximately equal toAEl1=Ep;—Ep,, AE2=Ep, impurity mainly acts as a compensator, but does not cause
—Eps,--., AEBi=Ep—Ep(j+1),---» E(n—1) =Epprp-1y any obvious band bending.

—Ep,, AEn=Ey,—E,, in order, whereE, is the back-

ground shallow acceptor level.

C. Other cases

V. CONCLUSIONS

B. Single-step-like band bending A scheme used for calculating band bending and profiles

When the dopant’s concentration in a sample is highof different charge states of a multilevel impurity,;(x) [or
enough and its profile is steep enoug¢for example, the np;(x)], within a layer inhomogeneously doped with the im-
sample is implanted heavily and annealed insufficigntly purity has been proposed. The scheme is based on the theory
N(x) concentrates in a thin layer near the surface. In thisf carrier statistics under thermal equilibrium and carried out
case N(x) reduces very quickly as depthincreases. In this by solving the Poisson equation iteratively. Its solution has
case, the calculated band bending is like that shown in Figmproved the understanding of semiconductor statistics. As
2(b). Er in the layer near the surface is located nearer to VBto the applied aspect, it allows us to analyze some relevant
than to CB, resulting in the layer being type. The little  problems quantitatively, then some new insights can be
protrusion within the layer is caused by the Gaussian profilgjiven (see Ref. 8
of the implanted ions. For larger than a certain valug; in Several typical cases of band bending within a layer
the figure, E<(x) reduces quickly. Becausé(x) is already doped inhomogeneously with a multilevel impurity have
not high enough to contrdt. there, thel layer in the case been classified. Particularly, multisteplike band bending ap-
described in the preceding paragraph cannot appear nowearing in the samples doped heavily and annealed suffi-
Thus only onep-n junction is formed. In the usual situation, ciently has been discussed in detail. The question as to
this sort of structure may be dealt with as a simplen whether it can be used for some special purposes, for ex-
junction. ample, in some device design, will be left for consideration.
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