View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Sapientia
004

Modeling of light-sensitive resonant-tunneling-diode devices

I. J. S. Coélho and J. F. Martins-Filho®
Grupo de Fotaica, Departamento de Elénica e Sistemas, Universidade Federal de Pernambuco,
50740-530 Recife-PE, Brazil

J. M. L. Figueiredo
Departamento de Fisica da Faculdade de @is e Tecnologia da Universidade do Algarve,
8000-062 Faro, Portugal

C. N. lronside
Department of Electronics and Electrical Engineering, University of Glasgow, Glasgow G12 8LT,
United Kingdom

(Received 5 November 2003; accepted 9 March 2004

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 stafi¢ curve when the structure is under

light excitation. Computational simulations led to good agreement between the model and
experimental results. @004 American Institute of Physic§DOI: 10.1063/1.1728290

I. INTRODUCTION DBS. These two effects have been referred to as responsible

for the typical experimentally observed light-induced shift-
The resonant tunneling diod®TD) attracts interest due ing of RTD dc current—voltage characteristitWe calculate

to its highly nonlinear static current—voltage characteristic, the contribution of the two effects and predict the device

which exhibits a range with negative differential resistance behavior under light excitation from the radiation character-

The recent interest in applying RTDs for optical modulafion, istics and device parameters. Computational simulations

switching™ and photodetectién® has demanded efficient were performed aiming to compare theoretical results from

models to explain their behavior under light excitation. Thethe proposed model to experimental data found in the

work of Moise et al® has shown that the RTD integrated literature®

with a photodetector is a highly sensitive devid® A/W).

For high-speed optical communication systems, the RTD in{|. MODELING

tegrated with a photodetector could provide an integrated . ) .

solution to the currently employed, hybrid arrangement of a We propose an improvement in the original models de-

separate photodector and transimpedance amplifier. How/E/0P€d by Brownet al. and Schulmaret al. through the

ever, at this stage in its development, the RTD photodetectdptroOIUCtIOn of two terms to account for the effect of light.

(RTD-PD) needs to be modeled: such modeling should el e original dependence of current on voltage is maintained

able to give insight to RTD physics and, by means of Widelyfor dark congitions. Therefore, following the formulation of

available computer-aided design tools, to predict accuratel?rown etal,” we propose

its behavior under various operating conditions. | =Cy(V+Red + V) 3{tan [ Co(V+Reg +Vpn—V1)]
The models proposed by Browet al® and Schulman .

et al’® relate flow of carriers through thdouble-barrier —tan [ Co(V+Red +Vpr— V) I}

structure (DBS) to the bias conditions set across the RTD. +Ca(V+Red + Vo) + C(V+Red + V)3 (1)

They considered coherent and noncoherent current flowing

components. Their models are Simulation Program with In&n

tegrated Circuits EmphasiSPICB compatible and suitable

for simulation under dark conditions only. Our purpose isto ~ I=Aln

extend the physics-based model of Schulmetal. and the

SPICE model of Browret 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. + H[ g8V Red *Vpr/kT_ 17, 2

_ Ir_1 this article, We_describ_e a general method to im'“d%herevph is a photoinduced voltagelependent on the light
I|ght_-|nduced effects in physics-based _models of Optoelecintensity shone on the structyreue to the charge accumu-
tronic RTDs such as RTD-PD. We take into account the phoragion effect, ancReq is an equivalent series resistance which
toconductive and charge accumulation effects close to thg..qunts for the photoconductive effect and/or forfheed)
resistances of the bias circuitry. The calculation of these two
dElectronic mail: jfmf@ufpe.br terms will be discussed in Sec. lll. The other factors are

d Schulmaret al.,*°
1 4 @€[B~CH+ny(V+Red +Vp/kT]
17 efB-C-m(ViRyy +Vph)/kT]]

X

C—ny(V+Re +Vph)“

7T+t 1
o rtan D
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R which Ao is much smaller thawr, Eq. (5) is reduced ta\p
W =—Ao/a?. However, this is not the case for moderate lev-
My els of illumination. Simple calculations can be performed to
14 [AVAL 2 Rs . . i,
1T e verify this condition.
= RTD )V' The decrease in resistivity given by E&) leads to the
Vs 1) change in the built-in resistand®;, given by
I Xa
FIG. 1. Biasing circuit and the voltage-controlled current source equivalent ARB:AP K_ (pt Ap) K’ (6)

model of the RTD-PDR¢ is the externalresistance attributed to the con-
tacts, wires and/or bias mrcu_ltr)RB is the internal (built-in) resistance which turns Eq.(4) into
related to the layers surrounding the DBS.

V'=V—(Rst+ARp)!. (7)
fitting parameters—as originally defined by the authars, In Eqg. (6), | andA are the total thickness and sectional

Cz, C; andC, (see Ref. pin Eq. (1) andA, B, C, D, H, n, area of the surrounding layers, respectively, ands the

andn, (see Ref. 1Din Eg. (2)—obtained from the current— . - h
voltage curve measured under dark conditions. ThereforehOIe accumulation region lengttadjacent to the DBf

the effect of light is taken into account by thé, and Ry Whlch gﬁectlvely reduces the structural layer thickness from
terms only. its original lengthl to | —x, .

A first interpretation for Eqs(1) and (2) is that they Re-expressing Ed5) in terms of the equilibrium popu-

) lations pg andng, their respective mobilities in the material
representnonlinear voltage-controlled current sourcéisat and and the photoinduced carrier densily, we get
describe the RTD dc behavior, and are dependent on thge K P ' g

intensity of light as illustrated in Fig. 1. Impinging photons

A — (et pn)d
modulate both structural layers’ resistivity and accumulated  Ap= (ptet pn) OP .
charge populations in the spacer layeollector sid¢ of the e('““en0+"‘“hp0)[(“en°+“hp°)+(“e+“h)5p](8)
RTD.
An interesting aspect related to this expression arises for
Ill. ESTIMATION OF PARAMETERS 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 thig

Under dark conditions, the series resistan@e) (@ssoci-  tends numerically to compensate the effect of the built-in
ated to the layers placed between the electrodes and the DBgsistance whenuong+ inpo) < (et in) Sp since Eq.(8)
and due to the bias circuitry is given by becomegsee Eqs(6) and(7)]

RS: RB+ RE y (3)

-1
whereRg is theinternal resistance due to the layers beside  Ap~—p=—————.
. . . e(meNot 1nPo)
the DBS andRg is anexternalresistance associated to the

contacts, wires and other bias circuit compone(i). 1 In other words, Eq(9) is meaningful only at high optical

depicts the suggested dc equivalent electronic modelingpowers when almost all of the applied voltage appears across

Such a resistanc&s would be responsible for a drop in the DBS and drives the tunneling probabilities, so that Eq.
voltage from the power supply to the voltage effectively (7) would become

applied across the DBS/(). This effective applied voltage

A. Series resistances

(€)

(V') drives the current in a similar way, as empirically V'=V—-Rgl, (10)
suggested in the Refs. 9 and 10.
Under dark conditions, one expects since we did not consid€up to this point the electrostatic
V' =V-Rgd 4) field arising due to the effect of the hole accumulation in the

collector side of the DBS. Notice that it does not matter how
to control tunneling probability through the DBS. On the thick x, is in Eq.(6), ARg will always cancelRg when the
other hand, absorption of impinging photons in the semiconoptical powers are high enough. In other words, high levels
ductor layers surrounding the DBS leads to the variation obf illumination make layers behave more conductively so
their resistivity. This variation can be expressed analyticallthat a negligible drop in voltage is expected across them.
as It should be clear that under dark conditioRg, distorts
— Ao the dc characteristic of RTD-PD devices due to the voltage
(5) drop, as given by Eqs(3) and (4). Therefore, the fitting
parameters of Eqg1l) and (2) evaluated under dark condi-
whereAo is the increase in conductivity due to the photoin-tion are affected by this distortion. When illuminated, the
duced hole-and-electron populatioAp= én. Equation(5) resistivity decreases, canceling the effecRgf, as given by
is obtained assuming+Ap=1/(c+ Ao) for large values of Egs. (6)—(9). Therefore, it is clear thaR.,=ARg in our
Ao, that is, forAc on the same order af. For the case in model, and it is obtained from Eqg&), (8), and(9).

Ap= o(oc+Aco)’
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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

Diw=ewEiw=epbE1p=D1p- (12

Equations(11) and (12) allow us to estimate the total
drop in voltage through the DBS due to the accumulation of
holes(if pg are known by

2eln+ eyl
V= (13)

Ew€p

wherel,, andl, are the thicknesses of the layers of the DBS,
FIG. 2. Schematic diagram of the typical RTD-PD band structee=show and_aw andey, are thei_r respecti\_/e permittivities. Therefore'
the bottom of the conduction band and top of the valence band as a functioW o, IN EQs. (1) and(2) is theV, given by Eq.(13), and it is

of distance and description of the absorption, accumulation, and tunnelingdue toE,, as illustrated in Fig. 2. It can be evaluated for
processes. Black circles represent thermally generated carriers, while 9"%ach optical power. upon the estimation@f

circles represent photogenerated carriers. P . P » up . .

To estimatepg, one could consider the thickness of that
sheet composed of accumulated holes to set up an
x-dependent electrostatic fieldayE,) through the extent,

B. Photoinduced voltages (see Fig. 2 For sake of simplicity, the charge is supposed to
We characterize the effect of light on the current— be uniformly distributed along the thickness of this region

voltage curve as an additional photoinduced drop in voltag(l.‘.vhos.‘e volume is given by,A, and whose hole concentra-
across the DBS. The model we use to estimate the photoir"t'—on is referred to ap. That means the total accumulated
duced voltage assumes the typical RTD-PD structure, as if;harge could be expressed by

lustrated in Fig. 2. Typical devices for photodetection pur- Q.=epXA, (14)
poses employ a DBS with thicker lower-doped collector-
spacer layer3® Their overall behavior results from wheree is the elementary charge. In addition, the electro-
modulation of the carrier’s population by the impinging pho- static field
tons (outer layers are made much more conductive for
electrode-matching purposes E,(x)= —e(xa—x)pé (15)

As carriers are photogenerated within the surrounding &j

areas of the DBS, excess holes accumulate beside the right. _ . . .

i : . . IS integrated fronx=0 to Xx=X,, giving the drop in voltage
side of the double barrigsee Fig. 2, in the collector-spacer through the hole accumulation layé (due toE,) in Fig. 2
layer. This effect is balanced by recombination and tunnelin g b 2 g4
phenomena, leading to a steady excess populatidose to
the DBS. Such a charge distribution is responsible for two exip
internal electrostatic fields, label&d andE,. As suggested Vo= P
earlier®°the voltage across the DBS drives the current be- e
cause it sets tunneling probability for electrons. Additional In addition, from standard theory for semiconducting
voltages, which are expected to exist there, are directly rematerials'' the quasi-Fermi level shift for holes inside and
lated toE; andE,. outside of the hole accumulation layer allows one to write,

Photogenerated charges are swept out of the thickegccording to the Joyce—Dixon approximatitn,
layer towards its boundaries due to the external bia&eg
Fig. 2. Holes in the valence band are assumed to pile up kT p—&p

p
close to the DBS uniformly spread over the interface, while =g In(é—p + /BN,
photogenerated electrons are removed by the applied voltage Y
towards the collector contact. Equilibrium in the populationwhereN, is the density of states at the top of the valence
of holes for a certain bias voltage is sustained by a balanckand for that layer.
betweenarrival rate of photogenerated holes, angcombi- Equating(16) to (17) leads to an important relation be-
nation ratein the accumulation layer. There is a charge dis-tweenp and x, for a given bias voltage. Searching for a
tribution per unit aregg (C/cn?) in a sheet whose thickness desirable second equation relatipgto x,, it seems to be

is negligible when compared to the transversal dimensionsensible, expressing a simple rate equation that neglects tun-
Such a density of charges is related to the electrostatic fieldeling holes as well as photogeneration taking place in the

(16)

: 17)

across the barrier layer by accumulation layer. While excess holes are being dragged to
the accumulation layer from beyomng (by the applied fielg
Dip=¢epE1p=ps, (1)  the rate at which they arrive can be written as
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vhop
Ar= ' (19 8+
Xa
wherev,, is the drift velocity for holes. Accumulated holes 6
recombine at a rate given by 2
£
= 44
D=1, a9 %
70 5
0o,
where 7 is the lifetime of electron—hole pairs. We assume PR
that for each bias voltagd\y is equal toDg, which give us N Br;gylwn’sﬁtﬁ.ng
the other desired equation relatipgo x, . - = - Schulman’s fitting
Determining the photoinduced voltayg,=V; in Egs. o0 s A s 20 s
(1) and(2), for given conditions of illumination and biasing, Bias Voltage (V)
depends on the task of solving the nonlinear systenp ford
X, given by FIG. 3. Obtained fitting to picked data under dark conditions. This is the

assumed current—voltage curve of the device external resistances are

2¢ kT P p— 5[3 assumed to be connecte_d to or b_uilt-in. the RTOircles: digitized experi-
pX2= '2 |n(_) 4 mental data(see Ref. § line: obtained fitting based on the Brown’s mod-
a e op \/§ND (20)  eling (C,=3.4415%10 3, C,=1.87204,C;=3.5155%10 *, and C,
=—3.033 6% 102 are the fitting parametersDash: obtained fitting based
PXa=vnhTodP, on the Schulman’s modelingA&7.46< 1074, B=0.130, C=0.2305,D
- o 6 a o
since the calculation gb andx, leads to the calculation of etg;gﬂ‘H 24x10°%, n,;=0.141, andn,=0.069 are the fitting param

ps, and thereford/, is obtained by means of E¢L3).
In summary, our model has two major components.

There is a shift in the current—voltage curve to lower voltagethiS region were measured when the device was oscillatin
(i.e., the whole curve moves to the leftue to the reduced 9 9,

resistance of the epilayers surrounding the DBS caused bihe?%(;zh-?-ﬂger;g:ebiucror:§§§|rgge?Lg??alfg irﬁsg%gin?zgl‘f
photoinduced carriers. This is the same effect discussed in : '

o . . oscillation.
qualitative way by Moiseet al.® but here we have a quanti- . - .
tative model based on the entirely electrical models of Next, with the fitting parameters already available, we

Brown et al® and Schulmaret al’® We have also included C&" evaluate the effects of the laser light by estimating the

the effect of fields induced at the accumulation layer byVOIt?:%? tee;;r)rl:sjri?r;q:erig(lj::/opr;];(i)tigr?:.Ejle)si?i(:)/é)(;(izr:.Ref 5 where

photoinduced holes. With this model, we are able to obtaiqhe intrinsic  semiconducting layer _ exhibitsN. — 6.4
quantitative predictions of the RTD-PD behavior. % 10" cm~3, for the wavelength.,—860 nm, the approxi-

mate value for intrinsic absorptibh is a(InGaAs)y~2
x10* em~. We neglected optical losses due to reflections
Here, we use the formulations presented in Secs. Il andnd/or absorption by free carriers in the heavily doped shal-
Il to model the effect of light on the dc current—voltage lower layers. The estimated generation fatet Popt
curve of the RTD-PD. Different RTD structures have been=2 mW isG~6x10°* cm 3s™1. Thus, the exceeding pho-
reported, and discussions about which is the governing praegenerated population for that power is estimated t@e
cess that leads to shifting the current—voltage curve are=6.5x10" cm 2 (7,=1.06x10 ° s). Therefore, Eq(20)
profuse>®1314We have chosen a particular structure in thegives us the steady-state volumetric concentration of holes
literature for analysis, aiming to obtain simulation results forp=3.3x 10" cm~3, and the thickness of the accumulation
discussior. The choice was based on three reasdmsall region x,=21 nm. Taking these values fgrandx, in Eq.
features of the laser radiation as well as the structural parantd4), it is possible to estimate pg=Q,/A~1.1
eters of the RTD-PD were reported in Ref.(8) the thicker X 10’ Ccm 2. From Eq.(13), one can obtainv, =V,
collector-spacer layer besides the DBSnginsic, whichis =119 mV, forP,,=2 mW.? It is then possible to obtain the
particularly suitable for our formulations; ari@) experimen-  key parameter in our mode¥,; =V, for any optical power
tal -V curves, showing shifting for different levels of opti- level. In other words, solving syste(20) allows one to es-
cal power, are available, allowing comparisons to the extimate, for each optical power of the laser beam, the addi-
pected performance based on the models we have adoptédnal voltage drop across the DB8ue to the accumulation
and handled. Reportdd-V curves in the darkness and under of holes besides the inner barjiewhich increases the tun-
laser irradiation became available for analysis by picking theneling probability for electrons, left-shifting the dc character-
points up from figures of Ref. 5. The dark curve was as-stic of the RTD by a predetermined amount.
sumed to express the “intrinsic curve,” that is, it shows the  Accounting for the conductivity modulation of the in-
actual behavior of the RTD regardless any possible seriesinsic layer, we assumed that there is a steady-state concen-
resistances. Thus, the digitized data are fitted in Fig. 3 fotration of traveling electronsy> p, under dark conditions in
initial estimation of the parameters of Eq4) and(2) under  that material, due to tunneling/crossing-over the DBS at high
dark conditions. We removed the data in the region betweeenough bias voltages. Near the peak currépt=(7.7 mA) S
the peak and the valleighe NDR region. Since the points in  ng=3.4x10* cm 3>n;=1.2x 10" cm 3. From Eqs.(6)—

IV. SIMULATIONS AND RESULTS
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FIG. 4. Experimental and modeled curves for RTD under illumination FIG. 6. Experimental and modeled curves for RTD under illumination
(Pop=0.2 mW). Circles: digitized experimental datee Ref. b Line: ob- (Pop=2 mW). Squares: digitized experimental désae Ref. 5 Line: ob-

tained curve based on the modified Brown’s modelisgme values fo€, , tained curve based on the modified Brown’s modelisgmeC,, C,, Cs,
C,, C3, andC, as in dark conditions Dash: obtained curve based on the andC, as in dark conditions Dash: obtained curve based on the modified
modified Schulman’s modelingsame values foA, B, C, D, H n,, andn, Schulman’s modelingsameA, B, C, D, H n;, andn, as in dar. Calcu-

as in the dark Calculated parameters f&,,=0.2 mW:V,=10,5 mV, and lated parameters fdP,,=2 mW: V=119 mV, andR.J =4.5 mV.
Red =4.5mV.

_ o . _ of illumination in Figs. 4—7. The calculated values fég,
(9), we concluded that in the limit of high optical power, andR,,for each optical power level ar&,,=10.5 mV and
Ap— —p (meaning that there is@ductionin the resistivity Red =4.5mV for Po,=0.2mW, V=36 mV and Re

level of the semiconductor layer by an amount that is equak 4.5 mv for Pop=0.6 MW, Vj,=119mV and R

to the resistivity valupwhen 5p>no (Pop>0.1 mW). Re-  =4.5mV for Py,=2 mW, V,,=290 mV andReg =4.5 mV
sistivity will depend on the current level, however, showingfor Pop="5mW. The modeled curves show good agreement
its higher value in the valley7.5 Q) cm) and lower value in  with the experimental ones in Figs. 4 to 6. In Fig. 7, we
the peak(1.7 Q2 cm). The corresponding intrinsic resistance gbserve the agreement between theoretical and experimental
values are estimated &y, =2.7() andRg,=0.6(), respec-  curves is poorer. This can be due to tunneling of holes
tively, leading to almost the same value for the ohmic drop inthrough the DBS, which causes a reduction of the hole con-
voltageRg, |, = Rgpl ;=4.5 mV. This is the maximum shift centration in the accumulation region. Since our model does

of the dc characteristic of the device due only to the photonot take this effect into account, the theoretical curves over-
conductivity effect, when the device is illuminated. This con- estimate theV,,, for high optical powers.

tribution is much smaller than the hole accumulation effect  From Figs. 4 to 7, we can conclude that the theoretical
estimated earlier, which i8/,;=Vp,=119mV, for Py curves obtained from the Schulman-based model give a bet-
=2 mWw, for instance. ter match to the experimental results than the ones obtained

Theoretical curves were plotted from Ed4) and(2),  from the Brown-based model. Although the original models
along with experimental data from Ref. 5 for different levels gre  SPICE compatib2!?*>1® we implemented them in

10
84 8+
8 6 -
~ —~
< <
E E
4 4 = 44
= t
g £
8 2 4 8 24
& Digitized Data (0.6 mW) v Digitized Data (5 mW)
0 1 Brown's 0 Brown's
- = = Schulman’s = = = Schulman’s
2 T T T T T T 2 T T T T T T
0.0 0.5 10 15 20 25 0.0 05 10 15 20 25
Bias Voltage (V) Bias Voltage (V)

FIG. 5. Experimental and modeled curves for RTD under illumination FIG. 7. Experimental and modeled curves for RTD under illumination
(Pop=0.6 mW). Up-triangles: digitized experimental datsee Ref. & (Pop=5mW). Down-triangles: digitized experimental daisee Ref. B

Line: obtained curve based on the modified Brown’s mode{sameC,, Line: obtained curve based on the modified Brown’s mode{sameC,,

C,, C3, andC, as in dark. Dash: obtained curve based on the modified C,, C;, andC, as in dark. Dash: obtained curve based on the modified
Schulman’s modelingsameA, B, C, D, H n,, andn, as in dark. Calcu- Schulman’s modelingsameA, B, C, D, H n;, andn, as in dari. Calcu-
lated parameters fdP,,=0.6 mW: V=36 mV, andR.{ =4.5 mV. lated parameters fdP,,=5 mW: V=290 mV, andR.J =4.5 mV.
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MATHCAD ™, using a differential correction method and theit can be a useful tool for RTD based device design and
successive approximations method to obtain the fitting paeircuit simulations for applications in optical switching and
rameters for the dark condition for the Brown’s and Schul-photodetection. Future work will include adapting the model
man’s models, respectively. to simulate the high-frequency characteristics of RTD-PDs.
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