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Theoretical calculations of the transmission coefficient and the current density using a transfer
matrix method are presented for several resonant tunneling structures in which impunty
planes of deep levels (IPDL) are incorporated. Increases of several orders of magnitude in the
width of the resonant peak, as well as in the peak current density, are obtained as compared to
conventional double barrier resonant tunneling structures. Furthermore, an optimal position of
the IPDLs is obtained in order to maximize the width of the resonant peak. Our results suggest
that the incorporation of impurity planes of deep levels can considerably improve the

characteristics of resonant tunneling devices.

I. INTRODUCTION

Double barrier resonont tanneling { DBRT) structures
have attracted considerable interest in recent years. The neg-
ative differential resistance { NDR ) observed in these strue-
tures make them xuiluhh for application as high-speed oscil-
lators' and transistors.” Even if Sollner ef al.' have shown
that oscillations as high as 2.5 THz can be achieved, it would
be technologically interesting to investigate modified struc-
tures which could further improve the device characteris-
tics. The intent of this paper is to propose such a modified
structure using impurity planes of deep levels,

The transmission of electrons through a DBRT struc-
ture can be interpreted as either (a) a coherent resonant
tunneling process similar 1o the optical Fabry—Perot effect,
ar (b) a sequential tunneling process’ where electrons tun-
nel into and out of the well independently and without pre-
serving phase coherence with the incident wave. Several au-
thors*® have investipated the role of scattering in
determiming which of the two mechanisms prevails. To es-
tablish the dominant process, the inherent width, 2T, , of the
resonance peak in the transmission probability 1s compared
to the collision broadening, 21", of the energy levels in the
guantum well due to scattering, The collision broadening is
simply fi/7, where 7, is the scattering lifetime of an electron
in the well region, If T, % I",., coherent resonant tunneling is
abservahle; however, if I', €T, electrons will tunnel inco-
herently without resonance enhancement of the transmis-
sion (i.e., sequential tunneling ). The latter process leads toa
reduction in both the peak current and the peak-te-valley
current tatio (PVR) observed in the I-V characteristics.”
Therefore, to increase the likelihood of coherent resonant
tunneling, [, must be reduced and T', must be increased.
The collision broadening is limited mostly by the abruptness
and quality (i.e., low interface state density) of the heteroin-
terfaces, However, MBE-grown structures are of exception-
al guality as demonstrated by the ultrahigh maobilities ob-
served,” and it is not likely that T. can be reduced
substantially. To increase I, inastandard DBRT structure,
the width and/or the height of the barrier regions must be
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reduced.” However, this would decrease dramatically the
PVR and would limit the frequency response of the device,

In this paper, we suggest a new method to inerease I,
without diminishing the overall characteristics by introdue-
ing impurity planes of deep levels within the barrier regions
of the DBRT structure (see Fig. 1), These deep levels are
considered to be localized in the growth direction by astrong
1D patential but are assumed 1o be extended in the direction
parallel to the interfaces. Beltram and Capasso’ first suggest-
ed incorporating such decp centers within the barrier layers
of a conventional heterojunction superlattice. They [ound an
enhancement of several orders of magnitude in the miniband
widths, as well as a creation of new Bloch states within the
band gap of the superlattice. Similarly, we find that the pres-
ence of these deep levels in DBRT structures increases I, by
several orders of magnitude when the energies of the deep
levels coincide with the resonant energy of the guantum well.
These one-dimensional deep levels could be obtained from
the incorporation of a high concentration of shallow impuri-
ties within a single atomic plane of the host semiconductor,
as suggested by the tight binding calculations of Hjalmar-
son. '™ Schubert ef al.™ have also shown that spatial local-
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FIG. |, Schematic of a DBRT structure with [PDL in both biarriers, The
IPIYLs are characterized by their position, 2, and their binding energy, £5.
The various transfer matrices fsee BEg. (21 | needed to construct the trans-
midssion coefficient are also shown,
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ization of impurities on the length scale of the lattice con-
stant can be achieved in MBE-grown GaAs.

[n the following section, we present the transfer matrix
method used to caleulate the transmission coefficient and
the current density through the structures considered in this
work, Results for four different structures are discussed in
Sec. 111, and concluding remarks are made in Sec. IV,

Il. CALCULATIONS
A. Transmission coefficient

Consider, for example, a DBRT structure with an impu-
rity plane of deep levels (1PDL) in both barriers as shown in
Fig. 1. In this figure,  and V, are the thickness and height of
the barriers, while wis the well width. In order to caleulate
the transmission coellicient through such a structure, one
must specify o model potential which characterizes an
IPDL. Beltram and Capasse” have verified that only the
symmetry and weight (i.e., the integral ) of the potential cho-
sen are important so that a & function potential can be used
to qualitatively describe the 1D deep level. We have also
verified that a narrow rectangular potential well gives the
same guilitative results as the & potential well. 1t can easily
be shown™ that the weight of the 8 function potentianl i di-
rectly related to the binding energy, £, of the bound state of
the isolated & function well. For this reason, the IPDL s
characterized by only two parameters, its binding energy,
£, and its position in the barrier, z;. The energy of the level
with respeet 1o the bottom of the conduction band of the
injection region will be given by ¥, — E,.

The transmission coeflicient, T, for all structures con-
sidered in this work is obtained using a transfer matrix ap-
proach which was first elaborated by Riceo and Azbel™ for
DBRT structures. However, in their calculations a single
effective mass for the entire structure was assumed. Bas-
{ard'® has shown that effective mass differences between the
small gap and the large gap semiconductor regions modify
the boundary conditions which are imposed on the wave
function of the effective mass Hamiltonian. Therefore, to
obtain the transfer matrices, one must solve the effective
mass Hamiltonian in each region to obtain the wave function
W and use the appropriate boundary conditions [i.e., conti-
nuity of W and (1/m*) (d@¥/dz)]. The wave function of an
electron with effective mass m¥ in the allowed regions is
expressed in the following form:

W =A™ Be— ", (n

where k= ﬂ'ﬂfﬁ and the energy of the incident elec-
tron is taken with respect to the bottom of the conduction
band of the region. The wave function in the barrier regions
where the effective mass is m¥ is obtained by replacing k by
iK where

K =\m¥{(V,— E)/#.

Fora DBRT structure as in Fig. 1, five different matn-
ces are needed to completely deseribe the transmission of an
electron. Defining X = {m¥k )/ (mTK ), we obtain for the
first four matrices:
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M & =— 5
2L+:‘X }—i¥ (2d)

These matrices are similar to those introduced originally by
Riceo and Azbel' for a conventional DBRT structure, ex-
cept that the effective mass difference between the allowed
and the barrier regions is included. These four matrices {see
Fig. 1) respectively join points within an allowed region
(M, ), within a barrier region (M), on either side of o
potential discontinuity from an allowed to o barrier region
(M, ), and finally on either side of a potential discontinuity
from a barrier to an allowed region (M, ). Thequantities z,
and z, in matrices M, and M, represent, respectively, the
distance between the points in the allowed region and the
points in the barrier region to be joined together,

In order to obtain the final teansfer matrix which joins
two points on either side of the & function well, appropriate
boundary conditions for the & function well must be used
[i.e., continuity of W but discontinuity of { 1/m*) &W¥/dz|.

The matrix, M, , which characterizes the [IPDL is given
by the following:

" K, Ky
K K
M :
ﬁ Ke 1 4 K, v
K K

where the parameter K, = .,I.'m;Ea,-"ﬁE.

Once these matrices are individually calculated, they
are multiplied following their order of occurrence in the
structure from left to right, to obtain the global matrix which
describes the entire structure of interest. This global matrix
joins the wavefunction in the injection region (far left) to the
wavefunction in the collection region (far right), so that

M, M, ]
— all I L0 4
qjm; I:-H-: | .'Hr_-: l.[.l'u“ { }

The transmission coefficient, T, is given by the ratio of the
transmitted probability flux to the incident probability flux
and is written in general as

e 'kculiml.*r\j i

=— = (59
mia K, [ Myl

Note that, for our calculations, we assume that the injection
region and the collection region are the same semiconduct-
ing material so that m*, = m¥, =m}.

my

B. Current density

The tunneling current density s through the structure as
a function of applied voltage F is obtained by numerically
integrating the following expression'®:
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;s k 7, J- dE T(E)

> n( 1 +exp[(Er— E)/ksT,] ) 6)
1 +exp[(Er—E—eV )/ ksT,]

where & is the Boltzmann constant, £ is the Fermi level in
the contact regions, ¥ is the applied voltage, and T, is the
absolute temperature, In order tointegrate Eq. 6, T(E) must
be calculated for each applied voltage. The exact solution for
a DBRT structure in the presence of an applied electric field
would involve using Airy functions which are quite cumber-
some to compute. However, approximate solutions for T{E)
can be obtained using a multiple step technigue.'” This tech-
nigue consists in subdividing the potential energy profile
into several potential steps and caleulating the global matnx
for the structure under an applied electric field using the
same transfer matrix method deseribed above. The transmis-
sion coeflicient is then obtained from Eq. (5).

It is important to note that the expression for the current
density [Eq. (6)] assumes o transmission coefficient that is
independent of the electron mation in the transverse direc-
tion (e, xp plane b This result follows directly from the use
in Sec. 1T A of a 1D Hamiltonian 1o caleulate the transmis-
sion coefficient. Vassell ef al.'® have used a transfer matrix
formulation 1o obtain the dependance of the transmission
coefficient on the transverse component of the electton ener-
gy. By assuming 4 constant transverse energy cgual to the
thermal average, &, 7., they showed that the energy of the
resonant transmission peaks are slightly shifted. Note that
their expression for the current density reduces to Eq. (6)
when a constant fransverse energy is assumed. Since we are
mostly interested in a qualitative discussion of the effiects of
incorporating IPDLs in DBRT structures, these slight shifts
in energy [ ~1.19% in our case) are not important,

In this calculation of the current density, we have ne-
glected, for simplicity, all charging effects'” and phonon-
assisted transmission™ ! which can significantly alter the
shape of the J{ V) charactenstics, Nevertheless, we expect
our results for the current density to be gualitatively correct
since we are mainly interested m the effect of incorporating
IPDLs in DBRT structures.

lll. RESULTS AND DISCUSSION
A. Transmission coefficient for V=0

The basic DBRT structure considered here, as an exam-
ple, consists of a GaAs/Ga, , Al As heterestructure which
gives ¥V, = 0.33 eV, m? = 0.092 my, and mT = 0.067 m,.~
The barrier thickness is chosen to be 100 A while the well
width is 80 A, These parameters yield two resonances for the
DBRT structure without ITPDL at energies of E, =436
me¥ and £, = 178.1 meV.

Let us now consider the transmission coefficient at zero
applied valtage for a structure with an IPDL in only one of
the barriers [see inset of Fig. 2(a) | By varying 2, and £, it
was found that the coupling between the IPDL and the levels
in the quantum well could be separated into two regimes.
For z, <50 A, the coupling is very weak except for
¥, — Ey~Eyand E,. In this region (2, < 50 A), the pres-
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FIG. 2, (0) Loganthm of the trunsmission coefficient oy o funotion of the
energy of the incident electron for the structure shown in the inset with
¥, — E, = 0.1V, (b) shows the energy i sition of the peaks v u function
of ¥, — E;. The position of the IPDL s taken to'be 5 A from the first
mterface.

ence of the IPDL contributes a third, weak transmission
maximum to the T{&) curve as shown in Fig. 2{a}), where
the transmission coefficient is caleulated for z; = 50 A. The
transmission maxima at &, and £, are lowered from their
maximum value of unity because the presence of the deep
level in only one barrier breaks the svmmetry needed to ob-
tain & transmission maximum of unity."* Figure 2(b) shows
the energy position of the transmission maxima as function
of the binding energy, £, of the IPDL forz, = S0 A. Ascan
be seen, the coupling is very weak and the energies of the
three maxima correspond to £y, E,, and (F, — E3), Only
for ¥V, — E; ~E, is the coupling strong enough to split the
degeneracy between the levels.

As the deep level further approaches the quantum well
(z; > 50 A), the strength of the coupling gradually in-
creases, Figures 3{a) and 3(b) show the results for z, = 90
A. All three maxima have a large transmission coefficient,
and the energy of these maxima do not coincide with £, £,,
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and ¥, — E,, as seen in Fig. 3(b). It is also interesting to
note that, as the binding energy of the deep level increases
{i.e., ¥, — E, becaomes smaller), the energy of the lowest
transmission maximum dreops continuously and reaches
E=0for V¥, — E, ~0.07 e¥. For larger values of the bind-
ing encrgy, this maximum is not present. This result is simi-
lar to Beltram and Capasso’s observation of new Bloch states
within the band gap of a superlattice containing IPDL.” We
see that the incorporation of IPDL close to the quantum well
can lead to large resonances at energies very different from
ihe characteristic energy levels £, and E; of the quantum
well,

Let us now consider i DBRT structure with an IPDL in
both barriers. Figure 4 shows the T{E) curve for a symmet-
tic DBRT structure with the IPDLs positioned in the middie
of each barrier (2, = 50 A). For comparison, the transmis-
sion coefficient for a similar structure without the IPDL is
also shown | {dashed line m Fig. 4)]. Following Beltram
and Capasso,” the maximum broadening of the transmission
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F1G. 4. Logarithm of the transmission cocfficient as a function of the energy
of the incident clectron for o DBRT structure with IPDLs in the middle of
both barriers (solid line), The binding encrgies of the IPDLs are chasen s
that the energy of the IPDLs coincide with the lowest energy level of the
quantum well. Also shown is the transmisston probability fac an equivalent
DBRT structure without IPDL (dashed line). The upper insct shows the
splitting of the three fold dégenerate level at £ = £,

peaks will occur when the energy of the deep levels coincides
with the energy of alevel in the quantum well, Therefore, we
chose E;, = E; = Vy — E;in order to observe large trans-
mission widths, 2I7,. The upper inset of Fig. 4 shows the
three maxima near £ = E, which result from the splitting of
the threefold degenerate energy level, The energy separation
between the maxima depends on the position of the deep
levels, z,, because of the variation of the strength of the cou-
pling between the three degenerate levels.

Figure 5 shows the HWHM, I',, of the three transmis-
sion peaks with energies close to £, as a function of the posi-
tion of the IPDLs, z,. As before, we take Ey =&

= ¥, — E, We obsarve an initial exponential increasein I,
when the IPDLs are far from the quantum well (ie., z,
small). For these values of z; there is very little eoupling
between the three degenerate states so that only one maxi-
mum is observed. However, the proximity of the IPDLs to
the injection and collection regions allow their wave fune-
tions 1o penetrate deeper within the barrier regions. [Lis easi-
ly shown that, on resonance (i.e., £ = E;), the amplitude of
the wave function at the position of the IPDL (i.e.,z =2, ) is
& times larger than the amplitude at the first interface
(z=0). Furthermore, the amplitude to the right of the
IPDL (z=zs) decreases as e ™'~ Consequently, at
z = 2z;, the wave function will have the same amplitude as
the wave function at the first interface. The presence of the
IPDL at z = = is therefore equivalent to reducing the effec-
tive barrier thickness by 2z;. The HWHM for DBRT
structure without IPDL is found to be proportional o™

hte where K, is K evaluated at £, and d,; 1s the effective
barrier thickness (for the DBRT structure without 1PTIL,
d. =d). By taking d_; = d — 2z;, this expression for T",
becomes

. =rg'%" (71
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FIG. 5 Logarithm of the HWHM. T, of the transmission peaks as a fune-
tion of the position of the IPDLs, £, For 2, < 18 A, only one peak is ob-
served, while for 2, = 38 A three peaks are obtained. The solid line repre-
sents the FIWHM for the central peak and the dashed Dines are the HWHM
for the two other pesks when g, = 38 A,

where [y, 18 the HWHM for the DBRT without IPDL.
Ecquation (7) agrees very well with the curve shown in Fig. 5
for values of 2, less than the eritical position, =, where T, 15
(HEATIITR

Asthe IPDLs approach the quantum well, the increased
coupling between the three degenerate states leads to an in-
crease in the energy splitting between the three levels (see
Fig, 4). The critical position of the IPDLs 2, ( ~38 A in our
example) characterizes the position where the energy split-
ting becomes larger than I, so that three strong transmis-
sion peaks are now observed in the T(E) curve. The pres:
ence of three separate and strong transmission peaks
suggests that we can now consider the resonant tunneling
process as the tunneling of an electron through a state of an
effective well formed by the coupled & functions and quan-
tum wells. As z; increases, the width of this effective well
diminishes so that the effective barrier thickness between the
injection (or collection) region and the effective well in-
creases. This increase in o 5 leads to a decrease of T, for
2y > 2y a5 observed in Fig, 5, Therefore, the position 2.
characterizes the position where the coupling between the
deep levels of the TP Ls and the states of the quantum well
becomes important. For IPDLs at this optimal position, the
HWHM reaches a maximum value which is more than five
orders of magnitude larger than T, for a structure without
IPDLs.

The characteristic time for a coherent resonant tunnel-
ing process is related to the half width of the transmission
maximum, as™ 7. = #/2I",. This implies that the large in-
grease in [T, corresponds to an equivalent decrease in the
characteristic tunneling time. Furthermore, this suggests
that the speed of a DBRT structure can be greatly improved
by the incorporation of [PDL in the barrier regions. Also,
since the current density (Eq. 6) depends on the integral of
T E), the broader peak in the transmission coefficient will
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lead toa larger current density in the structure with 1PDLs.
This last point is discussed in the next section.

B. Current density

In this section we present the tunneling current density
results using the method deseribed in Sec, 11 B for three dif-
ferent structures. Caleulations were performed using
E;y =002eVand T, =TT K.

The first structure, shown in the inset at the top of Fig, 6,
consists of a single barrier with one IPDL. The barrier thick-
nessis 100 A and the IPDL is positioned in the middle of the
barrier (z, = S0 A). Thebinding energy, £, , is taken as 0,23
eV so that the energy of the level with respect to the bottom
of the conduction band of the injection region, ¥, — Ky, 1%
0.10 V. All other parameters are as before, This structure is
compared to an equivalent DBRT strueture {inset at hottom
of Fig. 6) where each barrier is 50 A thick, The thickness of
the well region is taken as 43.5 A in arder to obtain an energy
level at E;, = 0.10 eV. We have given elsewhere™ analytical
expressions for the HWHM, I, .and the energy position of
the transmission maximum for such a single barmier strue-
ture, and showed that I", for this structure is almost one
order of magnitude larger than ', for an equivalent DBRT
structure without IPDL. In Fig. 6, we present the J{ F) char-
acteristics caleulated for both structures. As expected, the
larger I, leads toa peak current density For the single barrier
(5B} structure which is almost one order of magnitude larg-
er than that of the double barrier (DB) structure. However,
for V= ¥, Jss continues to be greater than J oy, because
the transmission coefficient through the 8B structure, Tey.
is larger than T py so that the larger peak current would not
necessarily lead to a larger PYR. For this reason, the SB
structure would not be interesting for device applications.
However, this structure does offer the possibility to obtain
experimentally the binding cnergy of the TPDL as
~eV .. /2.
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The second structure considered 15 a DBRT structure
with one IPDL in both barriers (see upper inset of Fig. 7).
As suppested by Fig. 5, the IPDLs were positioned at
2y = 24, = 38 A in order to optimize I',. Furthermore, the
binding encrgies of the IPDLs, £, and £, , were chosen so
that the deep levels aligned with the quantum well level at a
particular applied voliage. In order 1o achieve the lnrgest
possible peak current density, the energy alignment of the
three levels must oceur when the maximum number of carri-
ers can participate in the resonant tunneling process. This
will happen when the levels align at an energy approximately
equal to &, in the injection region. For the structure consid-
ered here, this alignment is realized at an applied voltage of
89.1 mV. The solid line in Fig. 7 shows the J{ V) curve ob-
tained for this structure. Also shown as the dashed line is the
current density for the equivalent DBRT structure without
IPDLs. As expected, the incorparation of the IPDL has in-
creased considerably (by a factor of — 107 in this example)
the peak current density of the DBRT structure because of
the large increase in I, Furthermore, the valley current
density is increased by ~ 107 due to the increased transmis-
sion coefficient for energies larger that the resonant energy
(see Fig 4). This leads to a calculated PVR for the structure
with IPDL of approximately 107, as opposed 1o 10° for the
structure without IPDLs. As mentionned before, many fac-
tors which contribute to the total valley current density have
been neglected, However, if the contributions of these fac-
tors Lo the valley current are not increased by the presence of
the IPDL, the large increase in the peak current could still
lead to a noticeable increase in the PVR.

The last structure studied (see Fig. 8) is similar to the
previous one except that the gquantum well has been elimin-
ated (i.e, w=0). As mentioned for the previous case, the
deep levels must align at an energy which is close to £, of the
injection region to obtain a large peak current density. The
binding energies Fy, and £, were chosen so that they align
at £ = 0.5 me¥ when V= 0,100 V., At this voltage, a strong
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FIG, 8 Logarithm of the current density asa function of applicd valtuge for
a single barrier structure with two [PDLs (see inser). The energies of the
IPDLs are chosen to align ot an applied voliage of 0.1V,

resonance in the transmission is built up between the inci-
dent electron and the two aligned levels. The transmission
coefficient increases to ~ 10 ' and beeomes very broad (I,
~ 107" eV). These conditions are valid only when the levels
are aligned, and lead to a sharp increase in the current den-
sity near ¥ = 0,100V witha J_, of —5x 10/ A/em?, When
V= 0100 V, the levels are no longer aligned and T through
the thick barrier (¢ — 200 A) becomes very small so that the
valley current is also quite small. Therefore, this new reso-
nant tunneling structure could also produce interesiing J-#
characteristics (large J,.. , large PYR).

Note that different binding energies for IPDLs could be
achieved experimentally by using different types of impurity
atoms in the impurity planes of both barriers, Hjalmarson''
has also suggested that the binding energy of the IPDL can
be varied by changing the concentration of impurities in the
impurity plane.

IV. CONCLUSION

The coupling between an IPDL and a quantum well
increasss as the deep level approaches the quantum well, and
produces strong resonances at energies which do not neces-
sarily coincide with the binding energy of the deep level or
the resonant levels of the quantum well. For a very deep
IPDL close to the quantum well, the resonant level of lowest
energy disappears. This is similar to the theoretical results of
Beltram and Capasso who observed new Bloch states within
the band gap of a superlattice containing very deep IPDLs.

We have also shown that the incorporation of IPDLs in
DBRT structures leads to an increase of several orders of
magnitude in the width of the resonant peak when theenergy
of the TPDLs coincides with an energy level of the quantum
well. In order to optimize the increase of T, in such a struc-
ture, the [PDLs must be positioned at a critical distance
from the quantum well corresponding to the appearance of
three separate transmission peaks in the T{E) curve {i.e,
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when the energy splitting due to the coupling between the
three degenerate levelsis larger than I', ). Thisincreasein I,
has three interesting consequences: (a) coherent resonant
tunneling is more likely since I, which is increased by sever-
al orders of magnitude could become larger than T, the
broadening due to collisions; (b) the tunneling time, ., is
reduced substantially which could increase the operation
frequency of the device; and (c¢) the peak current density is
increased by several orders of magnitude (5 in our example)
The caleulated PYR is also increased; however, many fac-
tors which contribute to the valley current have been ne-
glected in this madel (e.g., charge effects, phonons).,

Advances in the techniques of depositing atomic planes
of dopants in semiconductor layers (8 doping) suggest the
possible experimental realization of such IPDL structures
Our results suggest that the incorporation of IPDL can con-
siderably improve the characteristics of resonant tunneling
devices,
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