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We present a method to include the effects of light excitation on two different models of
resonant-tunneling-diode-based devices. Our approach takes into account both photoconductive and
charge accumulation effects responsible for shifting the staticI –V curve when the structure is under
light excitation. Computational simulations led to good agreement between the model and
experimental results. ©2004 American Institute of Physics.@DOI: 10.1063/1.1728290#

I. INTRODUCTION

The resonant tunneling diode~RTD! attracts interest due
to its highly nonlinear static current–voltage characteristic,1

which exhibits a range with negative differential resistance.
The recent interest in applying RTDs for optical modulation,2

switching3–5 and photodetection6–8 has demanded efficient
models to explain their behavior under light excitation. The
work of Moise et al.6 has shown that the RTD integrated
with a photodetector is a highly sensitive device~10 A/W!.
For high-speed optical communication systems, the RTD in-
tegrated with a photodetector could provide an integrated
solution to the currently employed, hybrid arrangement of a
separate photodector and transimpedance amplifier. How-
ever, at this stage in its development, the RTD photodetector
~RTD-PD! needs to be modeled; such modeling should be
able to give insight to RTD physics and, by means of widely
available computer-aided design tools, to predict accurately
its behavior under various operating conditions.

The models proposed by Brownet al.9 and Schulman
et al.10 relate flow of carriers through thedouble-barrier
structure ~DBS! to the bias conditions set across the RTD.
They considered coherent and noncoherent current flowing
components. Their models are Simulation Program with In-
tegrated Circuits Emphasis~SPICE! compatible and suitable
for simulation under dark conditions only. Our purpose is to
extend the physics-based model of Schulmanet al. and the
SPICE model of Brownet al. to include the effect of illumi-
nation and to validate our model by comparing it with exist-
ing data on the change of the dc current voltage curve under
light excitation.

In this article, we describe a general method to include
light-induced effects in physics-based models of optoelec-
tronic RTDs such as RTD-PD. We take into account the pho-
toconductive and charge accumulation effects close to the

DBS. These two effects have been referred to as responsible
for the typical experimentally observed light-induced shift-
ing of RTD dc current–voltage characteristic.3,4 We calculate
the contribution of the two effects and predict the device
behavior under light excitation from the radiation character-
istics and device parameters. Computational simulations
were performed aiming to compare theoretical results from
the proposed model to experimental data found in the
literature.5

II. MODELING

We propose an improvement in the original models de-
veloped by Brownet al. and Schulmanet al. through the
introduction of two terms to account for the effect of light.
The original dependence of current on voltage is maintained
for dark conditions. Therefore, following the formulation of
Brown et al.,9 we propose

I 5C1~V1ReqI 1Vph!
3$tan21@C2~V1ReqI 1Vph2VT!#

2tan21@C2~V1ReqI 1Vph2VN!#%

1C3~V1ReqI 1Vph!
51C4~V1ReqI 1Vph!

3 ~1!

and Schulmanet al.,10

I 5A lnH 11ee@B2C1n1~V1ReqI 1Vph!/kT#

11ee@B2C2n1~V1ReqI 1Vph!/kT#J
3H p

2
1tan21FC2n1~V1ReqI 1Vph!

D G J
1H@en2e~V1ReqI 1Vph!/kT21#, ~2!

whereVph is a photoinduced voltage~dependent on the light
intensity shone on the structure! due to the charge accumu-
lation effect, andReq is an equivalent series resistance which
accounts for the photoconductive effect and/or for the~fixed!
resistances of the bias circuitry. The calculation of these two
terms will be discussed in Sec. III. The other factors area!Electronic mail: jfmf@ufpe.br
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fitting parameters—as originally defined by the authors,C1 ,
C2 , C3 andC4 ~see Ref. 9! in Eq. ~1! andA, B, C, D, H, n1

andn2 ~see Ref. 10! in Eq. ~2!—obtained from the current–
voltage curve measured under dark conditions. Therefore,
the effect of light is taken into account by theVph and Req

terms only.
A first interpretation for Eqs.~1! and ~2! is that they

representnonlinear voltage-controlled current sourcesthat
describe the RTD dc behavior, and are dependent on the
intensity of light as illustrated in Fig. 1. Impinging photons
modulate both structural layers’ resistivity and accumulated
charge populations in the spacer layer~collector side! of the
RTD.

III. ESTIMATION OF PARAMETERS

A. Series resistances

Under dark conditions, the series resistance (RS) associ-
ated to the layers placed between the electrodes and the DBS
and due to the bias circuitry is given by

RS5RB1RE , ~3!

whereRB is the internal resistance due to the layers beside
the DBS andRE is an external resistance associated to the
contacts, wires and other bias circuit components~Fig. 1
depicts the suggested dc equivalent electronic modeling!.
Such a resistanceRS would be responsible for a drop in
voltage from the power supplyV to the voltage effectively
applied across the DBS (V8). This effective applied voltage
(V8) drives the currentI in a similar way, as empirically
suggested in the Refs. 9 and 10.

Under dark conditions, one expects

V85V2RSI ~4!

to control tunneling probability through the DBS. On the
other hand, absorption of impinging photons in the semicon-
ductor layers surrounding the DBS leads to the variation of
their resistivity. This variation can be expressed analytically
as

Dr5
2Ds

s~s1Ds!
, ~5!

whereDs is the increase in conductivity due to the photoin-
duced hole-and-electron populationsdp5dn. Equation~5!
is obtained assumingr1Dr51/(s1Ds) for large values of
Ds, that is, forDs on the same order ofs. For the case in

which Ds is much smaller thans, Eq. ~5! is reduced toDr
52Ds/s2. However, this is not the case for moderate lev-
els of illumination. Simple calculations can be performed to
verify this condition.

The decrease in resistivity given by Eq.~5! leads to the
change in the built-in resistanceRB , given by

DRB5Dr
l

A
2~r1Dr!

xa

A
, ~6!

which turns Eq.~4! into

V85V2~RS1DRB!I . ~7!

In Eq. ~6!, l and A are the total thickness and sectional
area of the surrounding layers, respectively, andxa is the
hole accumulation region length~adjacent to the DBS!,
which effectively reduces the structural layer thickness from
its original lengthl to l 2xa .

Re-expressing Eq.~5! in terms of the equilibrium popu-
lationsp0 andn0 , their respective mobilities in the material
me andmh , and the photoinduced carrier densitydp, we get

Dr5
2~me1mh!dp

e~men01mhp0!@~men01mhp0!1~me1mh!dp#
.

~8!

An interesting aspect related to this expression arises for
high levels of photogeneration in lightly doped spacer layers.
In this case, Eq.~8! revels the saturation of the decrease in
resistivity on the optical laser intensity. More than this,Dr
tends numerically to compensate the effect of the built-in
resistance when (men01mhp0)!(me1mh)dp since Eq.~8!
becomes@see Eqs.~6! and ~7!#

Dr'2r5
21

e~men01mhp0!
. ~9!

In other words, Eq.~9! is meaningful only at high optical
powers when almost all of the applied voltage appears across
the DBS and drives the tunneling probabilities, so that Eq.
~7! would become

V8>V2REI , ~10!

since we did not consider~up to this point! the electrostatic
field arising due to the effect of the hole accumulation in the
collector side of the DBS. Notice that it does not matter how
thick xa is in Eq. ~6!, DRB will always cancelRB when the
optical powers are high enough. In other words, high levels
of illumination make layers behave more conductively so
that a negligible drop in voltage is expected across them.

It should be clear that under dark conditions,RB distorts
the dc characteristic of RTD-PD devices due to the voltage
drop, as given by Eqs.~3! and ~4!. Therefore, the fitting
parameters of Eqs.~1! and ~2! evaluated under dark condi-
tion are affected by this distortion. When illuminated, the
resistivity decreases, canceling the effect ofRB , as given by
Eqs. ~6!–~9!. Therefore, it is clear thatReq5DRB in our
model, and it is obtained from Eqs.~6!, ~8!, and~9!.

FIG. 1. Biasing circuit and the voltage-controlled current source equivalent
model of the RTD-PD.RE is the externalresistance attributed to the con-
tacts, wires and/or bias circuitry;RB is the internal ~built-in! resistance
related to the layers surrounding the DBS.
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B. Photoinduced voltages

We characterize the effect of light on the current–
voltage curve as an additional photoinduced drop in voltage
across the DBS. The model we use to estimate the photoin-
duced voltage assumes the typical RTD-PD structure, as il-
lustrated in Fig. 2. Typical devices for photodetection pur-
poses employ a DBS with thicker lower-doped collector-
spacer layers.5,6 Their overall behavior results from
modulation of the carrier’s population by the impinging pho-
tons ~outer layers are made much more conductive for
electrode-matching purposes!.

As carriers are photogenerated within the surrounding
areas of the DBS, excess holes accumulate beside the right
side of the double barrier~see Fig. 2!, in the collector-spacer
layer. This effect is balanced by recombination and tunneling
phenomena, leading to a steady excess populationp close to
the DBS. Such a charge distribution is responsible for two
internal electrostatic fields, labeledE1 andE2 . As suggested
earlier,9,10 the voltage across the DBS drives the current be-
cause it sets tunneling probability for electrons. Additional
voltages, which are expected to exist there, are directly re-
lated toE1 andE2 .

Photogenerated charges are swept out of the thicker
layer towards its boundaries due to the external biasing~see
Fig. 2!. Holes in the valence band are assumed to pile up
close to the DBS uniformly spread over the interface, while
photogenerated electrons are removed by the applied voltage
towards the collector contact. Equilibrium in the population
of holes for a certain bias voltage is sustained by a balance
betweenarrival rate of photogenerated holes, andrecombi-
nation ratein the accumulation layer. There is a charge dis-
tribution per unit arearS ~C/cm2! in a sheet whose thickness
is negligible when compared to the transversal dimensions.
Such a density of charges is related to the electrostatic field
across the barrier layer by

D1b5«bE1b5rS , ~11!

where the subscript ‘‘1’’ reminds us that this is part of the
additional fields mentioned earlier.

At the interfaces between layers implementing barriers
and well there are no other sheets of static charges, so that
the usual boundary condition guarantees

D1w5«wE1w5«bE1b5D1b . ~12!

Equations~11! and ~12! allow us to estimate the total
drop in voltage through the DBS due to the accumulation of
holes~if rS are known! by

V15
2«wl b1«bl w

«w«b
rS , ~13!

wherel w andl b are the thicknesses of the layers of the DBS,
and«w and«b are their respective permittivities. Therefore,
Vph in Eqs.~1! and~2! is theV1 given by Eq.~13!, and it is
due toE1 , as illustrated in Fig. 2. It can be evaluated for
each optical power, upon the estimation ofrS .

To estimaterS , one could consider the thickness of that
sheet composed of accumulated holes to set up an
x-dependent electrostatic field~sayE2) through the extentxa

~see Fig. 2!. For sake of simplicity, the charge is supposed to
be uniformly distributed along the thickness of this region
whose volume is given byxaA, and whose hole concentra-
tion is referred to asp. That means the total accumulated
charge could be expressed by

Qa5epxaA, ~14!

where e is the elementary charge. In addition, the electro-
static field

EW 2~x!5
2e~xa2x!p

« i
âx ~15!

is integrated fromx50 to x5xa , giving the drop in voltage
through the hole accumulation layerV2 ~due toE2) in Fig. 2,
as

V25
exa

2p

2« i
. ~16!

In addition, from standard theory for semiconducting
materials,11 the quasi-Fermi level shift for holes inside and
outside of the hole accumulation layer allows one to write,
according to the Joyce–Dixon approximation,12

V2>
kT

e F lnS p

dpD1
p2dp

A8Nv
G , ~17!

whereNv is the density of states at the top of the valence
band for that layer.

Equating~16! to ~17! leads to an important relation be-
tween p and xa for a given bias voltage. Searching for a
desirable second equation relatingp to xa , it seems to be
sensible, expressing a simple rate equation that neglects tun-
neling holes as well as photogeneration taking place in the
accumulation layer. While excess holes are being dragged to
the accumulation layer from beyondxa ~by the applied field!,
the rate at which they arrive can be written as

FIG. 2. Schematic diagram of the typical RTD-PD band structure~we show
the bottom of the conduction band and top of the valence band as a function
of distance! and description of the absorption, accumulation, and tunneling
processes. Black circles represent thermally generated carriers, while gray
circles represent photogenerated carriers.
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AR5
vhdp

xa
, ~18!

wherevh is the drift velocity for holes. Accumulated holes
recombine at a rate given by

DR>
p

t0
, ~19!

wheret0 is the lifetime of electron–hole pairs. We assume
that for each bias voltage,AR is equal toDR , which give us
the other desired equation relatingp to xa .

Determining the photoinduced voltageVph5V1 in Eqs.
~1! and~2!, for given conditions of illumination and biasing,
depends on the task of solving the nonlinear system forp and
xa , given by

H pxa
25

2« ikT

e2 F lnS p

dpD1
p2dp

A8Nv
G

pxa>vht0dp,

~20!

since the calculation ofp andxa leads to the calculation of
rS , and thereforeV1 is obtained by means of Eq.~13!.

In summary, our model has two major components.
There is a shift in the current–voltage curve to lower voltage
~i.e., the whole curve moves to the left! due to the reduced
resistance of the epilayers surrounding the DBS caused by
photoinduced carriers. This is the same effect discussed in a
qualitative way by Moiseet al.,6 but here we have a quanti-
tative model based on the entirely electrical models of
Brown et al.9 and Schulmanet al.10 We have also included
the effect of fields induced at the accumulation layer by
photoinduced holes. With this model, we are able to obtain
quantitative predictions of the RTD-PD behavior.

IV. SIMULATIONS AND RESULTS

Here, we use the formulations presented in Secs. II and
III to model the effect of light on the dc current–voltage
curve of the RTD-PD. Different RTD structures have been
reported, and discussions about which is the governing pro-
cess that leads to shifting the current–voltage curve are
profuse.5,6,13,14We have chosen a particular structure in the
literature for analysis, aiming to obtain simulation results for
discussion.5 The choice was based on three reasons:~1! all
features of the laser radiation as well as the structural param-
eters of the RTD-PD were reported in Ref. 5;~2! the thicker
collector-spacer layer besides the DBS isintrinsic, which is
particularly suitable for our formulations; and~3! experimen-
tal I –V curves, showing shifting for different levels of opti-
cal power, are available, allowing comparisons to the ex-
pected performance based on the models we have adopted
and handled. ReportedI –V curves in the darkness and under
laser irradiation became available for analysis by picking the
points up from figures of Ref. 5. The dark curve was as-
sumed to express the ‘‘intrinsic curve,’’ that is, it shows the
actual behavior of the RTD regardless any possible series
resistances. Thus, the digitized data are fitted in Fig. 3 for
initial estimation of the parameters of Eqs.~1! and~2! under
dark conditions. We removed the data in the region between
the peak and the valley~the NDR region!. Since the points in

this region were measured when the device was oscillating,
they should not be considered for the dc response of the
device. Therefore, our model does not take into account self-
oscillation.

Next, with the fitting parameters already available, we
can evaluate the effects of the laser light by estimating the
voltage termsReqI andVph to Eqs.~1! and/or~2!.

For experimental conditions described in Ref. 5 where
the intrinsic semiconducting layer exhibitsNv56.4
31018 cm23, for the wavelengthl05860 nm, the approxi-
mate value for intrinsic absorption12 is a(InGaAs);2
3104 cm21. We neglected optical losses due to reflections
and/or absorption by free carriers in the heavily doped shal-
lower layers. The estimated generation rate12 at Popt

52 mW isG;631024 cm23 s21. Thus, the exceeding pho-
togenerated population for that power is estimated to bedp
56.531015 cm23 (t051.0631029 s). Therefore, Eq.~20!
gives us the steady-state volumetric concentration of holes
p53.331017 cm23, and the thickness of the accumulation
region xa521 nm. Taking these values forp and xa in Eq.
~14!, it is possible to estimate rS5Qa /A;1.1
31027 C cm22. From Eq. ~13!, one can obtainV15Vph

5119 mV, forPopt52 mW.5 It is then possible to obtain the
key parameter in our model,V15Vph, for any optical power
level. In other words, solving system~20! allows one to es-
timate, for each optical power of the laser beam, the addi-
tional voltage drop across the DBS~due to the accumulation
of holes besides the inner barrier!, which increases the tun-
neling probability for electrons, left-shifting the dc character-
istic of the RTD by a predetermined amount.

Accounting for the conductivity modulation of the in-
trinsic layer, we assumed that there is a steady-state concen-
tration of traveling electronsn0@p0 under dark conditions in
that material, due to tunneling/crossing-over the DBS at high
enough bias voltages. Near the peak current (I p57.7 mA),5

n053.431014 cm23@ni51.231011 cm23. From Eqs.~6!–

FIG. 3. Obtained fitting to picked data under dark conditions. This is the
assumed current–voltage curve of the device~no external resistances are
assumed to be connected to or built-in the RTD!. Circles: digitized experi-
mental data~see Ref. 5!; line: obtained fitting based on the Brown’s mod-
eling (C153.4415731023, C251.872 04,C353.515 5731024, and C4

523.033 6231023 are the fitting parameters!. Dash: obtained fitting based
on the Schulman’s modeling (A57.4631024, B50.130, C50.2305, D
50.017, H52.431026, n150.141, andn250.069 are the fitting param-
eters!.
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~9!, we concluded that in the limit of high optical power,
Dr→2r ~meaning that there is areductionin the resistivity
level of the semiconductor layer by an amount that is equal
to the resistivity value! when dp@n0 (Popt@0.1 mW). Re-
sistivity will depend on the current level, however, showing
its higher value in the valley~7.5 V cm! and lower value in
the peak~1.7 V cm!. The corresponding intrinsic resistance
values are estimated asRBv52.7V andRBp50.6V, respec-
tively, leading to almost the same value for the ohmic drop in
voltageRBvI v5RBpI p54.5 mV. This is the maximum shift
of the dc characteristic of the device due only to the photo-
conductivity effect, when the device is illuminated. This con-
tribution is much smaller than the hole accumulation effect
estimated earlier, which isV15Vph5119 mV, for Popt

52 mW, for instance.
Theoretical curves were plotted from Eqs.~1! and ~2!,

along with experimental data from Ref. 5 for different levels

of illumination in Figs. 4–7. The calculated values forVph

andReq for each optical power level are:Vph510.5 mV and
ReqI 54.5 mV for Pop50.2 mW, Vph536 mV and ReqI
54.5 mV for Pop50.6 mW, Vph5119 mV and ReqI
54.5 mV for Pop52 mW, Vph5290 mV andReqI 54.5 mV
for Pop55 mW. The modeled curves show good agreement
with the experimental ones in Figs. 4 to 6. In Fig. 7, we
observe the agreement between theoretical and experimental
curves is poorer. This can be due to tunneling of holes
through the DBS, which causes a reduction of the hole con-
centration in the accumulation region. Since our model does
not take this effect into account, the theoretical curves over-
estimate theVph for high optical powers.

From Figs. 4 to 7, we can conclude that the theoretical
curves obtained from the Schulman-based model give a bet-
ter match to the experimental results than the ones obtained
from the Brown-based model. Although the original models
are SPICE compatible,9,10,15,16 we implemented them in

FIG. 4. Experimental and modeled curves for RTD under illumination
(Pop50.2 mW). Circles: digitized experimental data~see Ref. 5!. Line: ob-
tained curve based on the modified Brown’s modeling~same values forC1 ,
C2 , C3 , andC4 as in dark conditions!. Dash: obtained curve based on the
modified Schulman’s modeling~same values forA, B, C, D, H, n1 , andn2

as in the dark!. Calculated parameters forPop50.2 mW:Vph510,5 mV, and
ReqI 54.5 mV.

FIG. 5. Experimental and modeled curves for RTD under illumination
(Pop50.6 mW). Up-triangles: digitized experimental data~see Ref. 5!.
Line: obtained curve based on the modified Brown’s modeling~sameC1 ,
C2 , C3 , andC4 as in dark!. Dash: obtained curve based on the modified
Schulman’s modeling~sameA, B, C, D, H, n1 , andn2 as in dark!. Calcu-
lated parameters forPop50.6 mW: Vph536 mV, andReqI 54.5 mV.

FIG. 6. Experimental and modeled curves for RTD under illumination
(Pop52 mW). Squares: digitized experimental data~see Ref. 5!. Line: ob-
tained curve based on the modified Brown’s modeling~sameC1 , C2 , C3 ,
andC4 as in dark conditions!. Dash: obtained curve based on the modified
Schulman’s modeling~sameA, B, C, D, H, n1 , andn2 as in dark!. Calcu-
lated parameters forPop52 mW: Vph5119 mV, andReqI 54.5 mV.

FIG. 7. Experimental and modeled curves for RTD under illumination
(Pop55 mW). Down-triangles: digitized experimental data~see Ref. 5!.
Line: obtained curve based on the modified Brown’s modeling~sameC1 ,
C2 , C3 , andC4 as in dark!. Dash: obtained curve based on the modified
Schulman’s modeling~sameA, B, C, D, H, n1 , andn2 as in dark!. Calcu-
lated parameters forPop55 mW: Vph5290 mV, andReqI 54.5 mV.
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MATHCAD™, using a differential correction method and the
successive approximations method to obtain the fitting pa-
rameters for the dark condition for the Brown’s and Schul-
man’s models, respectively.

V. CONCLUSIONS

We presented a general method to include the effect of
light on two static models for dc current–voltage character-
istics of resonant-tunneling-diode-based devices. Our
method takes into account the two physical processes usually
discussed in the literature: photoconductivity and charge ac-
cumulation effects in double-barrier RTD structures. Our
model uses the same fitting parameters for the deviceI –V
curve in dark conditions and then simulates and predicts the
device’s behavior under an illumination condition. We per-
formed computer simulations of our model usingMATH-

CAD™ with parameter estimations calculated from experi-
mental data of previously published results. The current–
voltage curves obtained with our model have matched the
experimental data found in the literature, and also have given
insights into the role of each physical process taking place in
that particular device. For the RTD-PD device analyzed here,
we found that the photoconductivity effect is negligible com-
pared to the charge accumulation effect for optical powers
above 0.6 mW.

We neglected tunneling of holes to keep the same for-
malisms developed earlier in the assumed physics-based
models for RTDs. Very often, only tunneling conditions for
electrons are considered formally forI –V curves under dark-
ness, and we kept the same assumption here. It is crucial to
set accumulation conditions by the DBS sides, where the
depletion of holes is assumed to be via recombination with
tunneling electrons only. However, it is sensible to presume
that this latter hypothesis weakens for higher optical powers.
This may explain the poor agreement between our prediction
and the actual device behavior for the highest laser intensity
case analyzed.

Similar to previously reported modeling work, our
model is based on an equivalent circuit, and it also contains
adjustable parameters. However, these parameters are ob-
tained in a systematic way from the dark current–voltage
curves and from physics-based simple equations. We believe

it can be a useful tool for RTD based device design and
circuit simulations for applications in optical switching and
photodetection. Future work will include adapting the model
to simulate the high-frequency characteristics of RTD-PDs.
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