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Abstract

■ /

We calculate in the effective mass approximation the

current.-vo 1 tase characteristic for an A1 Ga As-GaAs-Al Ga As
x  1 —X  x  1 - x

heterostructure. Our calculation includes the effect of 

electron-electron interaction in a self-consistent way. We show 

that charge accumulation in the quantum well is large enough to 

produce a bistability in the negative differential resistance 

region of the current-voltage curve.

PACS numbers: 73.40.Gk, 73.40.Lq, 72.20.-1, 79.80.+W
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Resonant tunneling in double barrier structures (DBS) has 

been studied for more than fifteen years since the original work 

by Chang, Esaki and Tsu1.

The advances in the technics of building semiconductor

heterostructures have stimulated both experimental and theoretical

interest in the transport properties of these systems. Resonant

tunneling in DBS is now a well established phenomenon2”5. However

and despite of the great activity in this field, the phenomenon

still presents some aspects which are not well understood. The

main interest in the study of transport properties of

heterostructures and in particular double barrier devices is

originated by the possibility of obtaining a region of negative

differential resitance (NDR) in the current voltage (I-V) 

2
characteristic .
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Recently Goldman et al. reported the observation of a 

bistability in the I-V curve of DBS consisting of a GaAs well 

between two AlxGat ^As barriers. This bistability - an hysteresis 

in the I-V curve - occurs in the region of NDR. There are two 

possible effects that could give rise to this irreversibility. On 

one hand an intrinsic effect originated in the accumulation of 

negative charge in the region of the well. On the other hand - as 

was pointed out by Sollner7 - this hysteresis could also be due to 

the spontaneous oscilation of a circuit containing an element that
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exhibits NDR . Although in the original experiments probably both 

effects were present, recent studies of the bistability in



asymmetric DBS9 clearly show that in these systems the main source 

for the irreversibility is the intrinsic effect: the charge 

buildup in the well.

From a theoretical point of view the phenomenon has been 

studied using a crude estimation of the charge buildup10, although 

these estimations cannot be used to compute quantitavely the 

bistability, they make evident that the charge accumulation can in 

fact produce the hysteresis in the I-V curve. What remains to be 

done is a self-consistent calculation to make, if possible, 

quantitative estimations. Recently Kluksdahl et a l . 11 presented 

some results of a self-consistent study using the Wigner function 

approach.

The aim of this communication is to discuss and present 

self-consistent results for the resonant tunneling in DBS using 

simultaneous solutions to the Schrödinger and Poisson equations. 

Consider a double barrier diode in the usual planar-geometry 

configuration of layers of n+-GaAs (emitter) / Al Ga As (first
x  1 - x

barrier) / GaAs (well) / Al Ga As (second barrier) / n+-GaAs
X  1 - x

(collector). In our calculation we included a spacer layer by 

taking a profile of doping in the electrodes.

In the effective mass approximation the wave function of the 

tunneling electron is derived from the T-valley minimum of the 

conduction band. In this approximation the problem reduces to 

calculate the motion of electrons with an effective mass m* in an 

effective barrier-like potential which describes the bottom of the
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conduction band of the diode (see Fig. 1). In order to correctly 

describe the redistribution of negative charge in the region of 

the well it is important to include also the electron-electron 

interaction which in the present work is computed in the Hartree 

approximation. The voltage applied to the Junction produces an 

electric field in the region of barriers and well. The voltage 

profile is calculated in a self-consistent way by solving 

simultaneously the Schrödinger and Poisson equations. The 

partially integrated Schrödinger equation which describes the 

motion of the electrons in the z-direction is given by:

h2 d 2
[- ---- 7  --- -- + U(z) 1 0 <J>(z)= o) , (1 )
L 2 m dz2 -I W W

where e is the electron charge, m its effective mass - assumed

constant through the whole junction.' Thé motion in the plane

parallel to the interfaces is described by plane waves with

quantum numbers k and k , and so the energy of the electron is 
x y '

then given by:

h2
E = w + --- - f k2 + k2 1 . (2)

2 m >. x y J

The potential U(z) has three different contributions: the square 

barrier potential v0(z ) which modulates the bottom of the 

conduction band, the potential a>(z ) created by the background of 

positive charge and the electron gas, and one given by the bias 

applied to the junction which is imposed as a boundary condition
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on «(z).

The self-consistent potential o(z) is calculated by means of 

the Poisson equation :

d2« 4 it e2

2
dz

---  [ Nd(z) - n(z) j , (3)

here K is the dielectric constant, Nd (z ) is the doping profile of 

ionized donors and n(z) the electronic charge density profile.

It is convenient to separate the sample in three regions: 

region I (z < 0 ) is a portion of the emitter far from the 

junction, region II (0 < z < L) which includes the double barrier

- we take the well centered at z = L/2 - and finally region III 

(L < z) is the portion of the collector away from the interfaces. 

The total potential U(z) is

U(z) =

0 z < 0

VQ(z) + 4»(z) 0 < z < L , (4)

- e V L < z

here V is the bias voltage applied to the junction.

We solve the Schrodinger and Poisson equations ( Eqs. (1) and 

(3) respectively) in region II talcing L large enough to guarantee 

that in the outer regions (I and III) the potential is constant.

The solutions of Eq. (1) are of three different kinds. For

0 < o> < co, - above the bottom of the emitter conduction band - the 

motion is unbounded at both ends ( z < 0 and z > L ). These 

solutions far from the barriers correspond to running waves and 

there are two states for each u, one incident from the left
u
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and the other incident from the right \ f i '  \  For - eV < w < 0, -
u>

between the bottoms of the collector conduction band and the

emitter conduction band - the motion is bounded at one end

, ( 0 )
( z < 0 ) and there is one solution for each w, labeled i/i

of

The electronic charge density is calculated by summing over 

all the states and weighting them with a Fermi factor,

n(z) =
7 l -

* y i i 
k  k
x y

00 r E - E
f E F 1

d w
f l I

 ̂ k  T J

0 L B

p0

dw f

. . V

E - E
CF

k T
B

) I*1: (z) | 2 +

E - E

k T
B

CF-»

H (z) (4)

here L and L are the transverse dimensions of the sample and
x  y

f(x) is the Fermi function. The chemical potential of the emitter 

and collector are E^, and Ecf respectively, T is the temperature 

and kB the Boltzman constant. The chemical potentials are 

calculated with the constraint that in regions I and III the 

system remains neutral.

Once the self-consistent solutions of Eqs (1) and (3) are 

obtained, the current can be calculated using the well known 

expression2:

J =

e m k T

2 n 2 h 3
dw

lTw n

1 + e x p [( E e f  “ w  ] /  V  ]

1 + e x p [[ E c f  ■ w  ) /  V  ]

(5)
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. .. , /  2 m w . / 2 m ( w  + e Y )  „ . T . .. 
with k = / . k = / and T is the

i v --------  2 v ------------------- w
h3 h3 

transmission coefficient of the junction.

In what follows we present results for a GaAs-Al Ga As
X 1-x

double barrier in which the barriers and the well are 50 A wide. 

We also include a 50 A spacer layers and a doping in the contacts

18 3 12
of 10 donors/cm . The other parmeters of/ the junction are

m =0.068 m , the barrier heigth Vq = 370 meV, and the dielectric

constant K  =  11.9. All results were obtained with T = 5 K.

We first present results for the case of zero bias. The 

electronic charge density and the potential profiles are shown in 

Fig. 1. Note that for the parameters used, there is no charge 

accumulation in the well. The resonant level lies approximately 8 

meV above the chemical potential. The double barrier structure 

lies on the top of a flat bump which arises from the doping 

profile. The effect of the spacer layer is clearly seen in this 

figure.

For the case of an applied bias we proceed in the following 

way. We made runs of the self-consistent calculation increasing 

the applied voltage in small amounts ( typically 1 mV in the NDR 

region and 5 mV away from it ). In each run we use the converged 

solution obtained with the previous bias as a seed for the 

calculation. Once the NDR region was observed we decrease slowly 

the applied voltage using the same procedure. In this way, we were 

able to obtain an hysteresis loop. The results for the I-V
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characteristic is shown in Fig. 2. For the skke of comparison we 

also plot in the same figure the results of the I-V curve for the 

flatband model (non self-consistent).

In agreement with results of Ref. 14 and 15 our results show 

that the effect of the electron-electron interaction is mainly to 

shift the curve towards larger applied voltages. More interesting 

than these changes of the curve is the bistability obtained in the 

NDR region.

In order to characterize the two solutions which give raise 

to this bistability, we show in Fig. 3a the charge profile 

corresponding to the two solutions obtained for the same bias, 

points A and B indicated in Fig. 2. As expected the solution with 

small current - solution A - has no charge accumulation in the 

well, while the current carrying solution B has a buildup of 

charge in the well. Away from the well the charge profile remains 

essentially the same. In Fig. 3b we present the results obtained 

for the self-consistent potential corresponding to the same 

solutions. First our results show that most of the voltage drop 

takes place in the region of the barriers and well and not in the

11 13
electrodes ’ , this is of course what one should expect from 

physical intuition. A second point that could be used to check our 

calculation procedure is the fact that away from the interfaces 

the potential and the charge density profiles go smoothly to the 

constants imposed as boundary conditions, this is am indication 

that we have worked with a large enough L - the length of
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region II.

As indicated in the inset of Fig. 3b, the bottom of the well 

is shifted according to the amount of charge buildup, and the 

origin of the bistability then becomes evident. When the voltage 

applied is such that the resonant level lies close to the bottom 

of the emitter conduction band, there are two possible solutions. 

The current carrying solution has charge accumulation in the well, 

if the current disappears, for example by increasing and 

decreasing the voltage, the charge accumulation is highly reduced 

and the bottom of the well shifts down lowering the energy of the 

resonant level. If the new energy of this state lies bellow the 

bottom of the emitter conduction band, this situation without 

current will also be a self-consistent solution.

Finally we must stress that the width of the hysteresis loop 

as obtained in the present work is a measure of the numerical 

stability of the two possible solutions and not necessarily is 

related to the width measured in an experiment. In any case this 

width is quite small for the parameters used in the present work. 

According to the calculation of Sheard and Toombs10, the width of 

the bistability is given by the maximum charge accumulation and 

the capacitance of the structure. Following these ideas the width 

of the bistability in our junction should be of the order of 100 

mV, six times larger than the result obtained in our 

self-consistent calculation. Although our calculation always tends 

to subestimate this width, the numbers obtained for the resonant
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level position and the charge buildup indicates that the maximum 

possible width of the bistability is of the order of 50mV, still a 

factor of two smaller than the prediction of Ref. 10.

In summary we have studied the I-V characteristic of double 

barrier structure in a self-consistent way. Our results show that 

the charge accumulation can in fact produce a bistability in the 

NDR region of the I-V curve. For the parameters studied, which are 

not necessarily the best to produce a wide bistability, the charge 

density at the center of the well can be up to 20% of the charge 

density in the electrodes. This charge buildup is enough to 

produce observable effects if the resonant level is sufficiently 

narrow.
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FIGURE CAPTIONS.

Figure 1. Self-consistent potential U(z) and electron charge 

density prdfiles for zero bias. The parameters are: barrier heigth 

370 meV, width of the barriers, well and spacer layers 50 A 

and dopant density in the electrodes 1018 donors/cm3.

Figure 2. Current voltage characteristic for the heterostructure 

discussed in the text. All parameters are the same as in Fig. 1. 

Dashed line corresponds to flatband results (non self-consistent). 

Continuous line is the self-consistent result. The arrows in the 

bistability region indicate the direction of voltage sweep. The 

points A and B indicate two diferent solutions for the same 

applied voltage

/
Figure 3. a) Charge density profile for the two solutions 

corresponding to points A and B of Fig. 2. Dashed line (solution 

A) corresponds to the state without current. Continuous line 

(solution B) corresponds to the current carrying state. 

Dashed-dotted line is the difference between them. Note that this 

difference is large only in the region of the well where the 

charge buildup occurs, b) Potential profile for the two solutions 

A and B. Insets show the effect of charge buildup at the bottom of 

the well stnd at the top of the barriers.
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