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Vire report measuremeiits of the low DC field conduct,a.iice and the nonlinear IV character- 
istics of GaAs/hlGa.As n ~ u l t i q u a i i t ~ ~ i u  mel1 superlattices subniitted to intense .4C electric 
fields iil the terallertz frequency ra.nge. Tl-ie DC conduct,ance exhibits an oscillatory behav- 
iclr as a function of tlie terahertz field strengtli that  resembles tlie zero order Bessel function, 
,JJ(edE/Ti.u), wliere e )  d, a.nd 6 are t,l-ie elect.roil charge, superlattice period and AC field 
si,reiigtli respectively. The nonlinear DC IV characteristics display new steps and plateaus 
uhen the ~uper la t t~ ices  are siibjectecl to the teral~ert~z fields. The depenclency of this new 
sf ructure in Lhe IV curves on frequency shows tl-iat the AC fielcls introduce new electronic 
conduction cliannels via pliot,on mediated seq~teiit~ial t,unneling. 

I. Iiitroduci ion 

The electrical transport properties of slructures 

with a spati tl periodicity subjecbed to  intense sub- 

millinieter w.ve radiation have been extensively inves- 

tigatecl t,heoretically. The siinult.a.neous presence of 

strong spatial and temporal modulatioiis is cxpectecl to 

lead to some strilting effects. In fact, the original pro- 

posa1 of seinic:oilductor super~st , t ices[ '~~]  was motiva,ted 

by the strong non-linear high frequency phenoinena ex- 

pected for such structures. R self-induced transparcilcy 

effcct was predicted by Ignatov a.nd ~oma.iiov[""l. They 

calculatecl t h r  high frequency electrical concluctivity 

of superlat t ic:~ and found tlmt the curreiit excited in 

ít superlattice of spatial periodicit.y cl by a.n h C  field 

E = E. cos(w!) is proport,ional t,o tjhe zero order Bessel 

function J o ( ~ B / w ) ,  where wB = tEod/fi is the Bloch 

frequency. Tlterefore, the curreiit sliould vanisli a t  the 

zeros of Jo, i.e., t,he superlattice is "txmspareilt" for 

certain combinations of values of magnitude a.nd fre- 

quency of electric field ancl superla.t.tice pcriod. Similar 
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calculat,ions performed by Pavlovich and Épshtein[5,6] 

for superlattices submitted to  hoth strong AC and DC 

electric fields show severa1 regions of negative differen- 

tia1 and a.bsolut,e conduct,ivities in the current-voltage 

characteristics. 

The calculat,ions mentioiled above are based on a 

semi-classical description of superlattice t r a n ~ ~ o r t [ ~ ] .  

A quantuin mechanical treatn-ient["], based on Floquet 

t,heory, shows a collapse of the superlattice minibands 

a t  certaiii values of AC electric field magnitude, Eo. 

Tlie minihands widths are predicted t o  become close to  

zero a.t lhe same values of E. where JO(wB/w) goes to 

zero. The appearance of Bessel functions with the  given 

argument is ubiquitous to  theories describing periodic 

structures iil intense h C  electric fields. This includes 

superlatt,ices with minibands as well as those with thick 

potential barriers, in whicl-i the electrical transport oc- 

curs via sequential t,unneling. 

Most of the  theoretical work on electrical trans- 

port in periodic structures suhmitted to intense high 

frequency fields has consiclered only the coherent tun- 

neling cam. An early work by Kazarinov and ~ u r i s [ ~ ]  
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queiitial rescliiant tuiineling from tlie ground state of 

one wcll of t,he superlatt,ice t,o the grouiid st>a,t>e of t,he 

neighboriiig well. As the Bia.s, aiid so the ciirrent,, iii- 

creases, t,his coiiduction cliaiinel sa.t-ura.tes. Furt,lier in- 

creases in thc: applied voltage will lead to  tlie foriimtioii 

of a high field doniain in ~vhicli t,lie coiiduction occurs 

via tunneliii~; froni tlie ground sta.te iii one well to tlie 

first. excited jtate iii the iieighl~oring well, follo~vecl hy 

an ii-itra-~vell relaxa.tioi1 of energy froin t,he excitecl to 

tlie ground state. Due to cliarge accuinulation in the 

wells. tlie electric field is not. uniform but iiicreases froin 

tlie negatively biased side of t.lie samplc t,o the posit,ive 

contact. Tlicrefore, tlie high field doinain will a.ppear in 

tlic cpantuni well next to  tlie positive coiitact,. Tlie high 

field doinain vxpands wit,li increasiilg bias until it. t,a.lies 

over tshe wlio e sample. At tliis poiiit tliere is again just) 

onc conductim mechanisni trough tlie wliole sa.mple, 

tlie tunneling;/rela.xatiori process iiivolving the ground 

aiid first excited states of the  cluantum wells. With  iii- 

creasing hias, tliis mechanisiii also saturates a.nd similar 

processes wili occur involving higher excited cluant,um 

well states aiid leading to aclditioilal s k p s  in 

characteristic. 
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Figure 1: Tlie curreiit-voltage (I-V) cliaracteristics of tlie 
samples measired at low ternperat,ures, in tlie range in 
wliicli conduct,ion is primarily via seciiiential resonant tun- 
neling. (a) Sainple 1, 2511111 quantiim wells; (b)  sample 2,  
33nm wells; an:l (c) sainple 3: 40ri1ii wells. 

111. Fir-indiiced changes in the low bias conduc- 

tivity 

Figs. 2, 3 and 4 show tlie dependence of the low 

bias DC conductivit,y of the samples on the magnitude 

of the terahertz electric field. The DC conductivity 

wa.s ineasured applying a constant DC bias to  the su- 

perla.tt,ice a.nd looking for the change in the DC current 

across the sainple mhen in the simultaneous presence 

of the liigli frequency electric field supplied hy the  free 

electroii laser. The DC Lias was chosen in the region 

where tlie elect,ronic conduction is via sequential tun- 

neling from ground state in one well t o  ground state 

in tlie iiext well, i.e., before the first plateau in the I- 

V characteristic. Care was taken to eliminate the small 

photo-voltaic current resulting from partia1 rectification 

of tlie AC field due to  the intrinsic asymmetry of the 

st,ructure and the elect,rical contacts. The  results shown 

are essentia.11~ tlie same for a11 temperatures below ap- 

proxiinately 100K (iii tlie sequential tunneling regime). 
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Figure 2: The DC condiictivitg of the 33nm wells, 4nm bar- 
riers superlat,tice, as a function of the magnitude of the AC 
electric field. Tlie conductivity is normalized to the conduc- 
t ivit ,~ at zero AC field and it is measured with a constant 
DC bias of 50mV applied to the sample. The frequency of 
tlie AC field is 7.2 x 10" IIz (24cm-I). 

The  terahertz field clearly has a strong effect on the 

DC conductivity. For the 33/4nm superlattice (Fig. 

2): the conductivity first drops with increasing AC field 

strength to about 40% o£ its value in the dark, ao, then 
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rises to arouncl 70% of 00 ancl decreases again to  O.Guo 

a t  tlie liighest at,tainable AC elect,ric field iriagnitude. 

A simi1a.r. even more proiionnced oscillatory behavior 

is seen for tlie 40/4nni structiire (Fig. 3).  For tlie 

25/4nni superhtt ice (Fig. 4)! it seeiils tliat tlie AC field 

is not stroiig enougli t,o reveal the oscillations i11 tlie 

conductivity but t<liere is indicat,ion tliat if a liiglier AC 

field magnitude coulcl 11e acliieved, tliis sa.mple would 

also sliow tlie o~cil lat~ory beha.vior seeii i11 Figs. 2 a.nd 3. 

4014 nm superlattice 

f f = 20.5cm-' 
Bias=41mV 

Figure 3: Tlie DC coiiductivit,y of tlie 40nni wells, 4nm bar- 
riers supei.lat,tice, as a fiiiiction of tlic. magnitude of the AC: 
electric field. The condiict,ivit,y is iiorrnalizetl to the contluc- 
t,irity at zero AC fielcl and it. is measiired with a constant 
DC bias of 411nV applietl to tlie sainple. Tlie freqiiency of 
l.lie AC field is 6.1 x 10" Hz (2(~.5crn-l). 

Tlie oscillating conductivity sho~vn in Figs. 2-4 re- 

sernble tlie Bessel funct.ion behavior predicted by t,lie 

theories nientioned in tlic iiit,rocluction. The e shna ted  

AC: field niagnit,udes in tlic sarnples a.re atlequate to  

produce this result,. A tentat,ive fit of t,lie cxperin~en- 

t,al curves with Bessel funct,ions of orcler zero displaced 

froin tlie liorizontal a.xis lias iiioclera.te success. I t  could 

be that  experimental probleins like pa.ralle1 conduction 

or variation of coupling streiigtli of tlie laser iadiatio11 

with it,s ii.~agnit,ude a.re clist,ort,iiig tlie sliape of tlie con- 

ductivity versus AC Gelcl iiia.gnitiide curve. 

1 0  2514 nm superlattice - 

0.9 

0.8 

t? 
\ 
b 

0.7 - 

I 

E'%,, 
Figure 4: Tlie DC conctuctivit.y of the 25nm wells, 4nm bar- 
riers siiperlattice, as a function of the magnitude of the AC 
electric field. Tlie conductivity is normalized to the conduc- 
t,ivit,y at zero AC field ancl it is measured with a constant 
DC bias of 361nV applied to the sample. The frequency of 
t,lie AC field is 6.1 x 10" Hz (20.5cm-I). 

Alternatively, it is possible tha t  the oscillations in 

t,lie superlattice potential clue to  the AC field lead to  

thc oscillations in tlie conductivity. As the AC field 

ma.gnitude is iiicrea.sed, the overlap in energy of the , 

ground state i11 one well with the ground state in the 

neiglil>oring wells, averaged over one period of the laser 

radiation, will decrease. Therefore, the tunneling prob- 

ability decreases and the conductivity drops. The con- 

diictivit,y will rise again wheii the time-averaged overlap 

in energy bet,ween energy levels in neighboring wells in- 

creases. This sliould happen whenever the amplitude 

of the .4C elcctric field is such that  the maximum po- 

teiitial clrop caused by the AC field across one period 

of the supcrlattice is equal to the separation in energy 

bet.ween tlie grouncl and oiie of the excited states of 

the quantum wells. Tlie resonant tunneling proba.bi1- 

ity, a.nd so tlie conductivity, sliould then oscillate with 

increasing teiahertz field niagnitude. The separation 

bet,ween t,lie pea.ks in tlie conductivity will consequently 

IIC cleterniined by the separation in energy of the quan- 

t,um states iii tshe multi-quantum well superlattice. 

To  test this hypothesis, one would need to know the 

a b s o l u t ~  value of the AC field magnitude in the super- 

latt,ice. As mentioned before, trhis can only be estimated 

since tlie coupliiig strengtli of the radiation to the sam- 
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ple is uiilmown. One possibility is t,o clieck if in tlie 

differciit samples, wit<h differeiit. qua.iituin well thick- 

nesses and er ergy leve1 positions (whicli cai1 be ea.sily 

calculated)! t le  oscillat~ions in t,lie conductivity scale as 

implied by t,l- is model. Holvever, for tliis test t,o he a 

yi~a.ntit,ative one, one woiild have to a.ssunie tliat the 

coupling streiigt,li is the same for a11 sainples, wliich is 

almost certai ily not true. Q~al i t~at ively ,  tliough, the 

position of tlie concluctivity oscillat~ions do scale as ex- 

pected. Note tliat the oscillations have tlie sinallest 

period i11 the 40/4nm struct,ure (Fig. 3)! wliere tlie 

~epa ra t~ ion  between the qiiant~uim well energy levels is 

sniallest. For the 25/4nni ~uper la t~t ice  (Fig. 4): where 

tlie energy levels are well spacetl, a.pparently t,he highest 

acliieved AC field magnitude is just enough to malte tlie 

maximuni poíeiitial drop caused Ily the AC field across 

one period of tliis superlattice eqiial to the separatioli 

in energy between the ground a.nd first exciterl sta,te. 

Tlie 33/4n1n structure is i~it~erinediate between tliese 

tn70 cases. Fu %her work is necessary to  test t3his moclel. 

IV. Pho ton- ; i s s i s t ed  s e q u e n t i a l  resoiiaiit tunnel- 

ing 

Tlie results discussed a.bove concern the t,erahertz 

field-induced changes in Lhe DC conductivity a t  a 

constant low bias applied to  tlie superlattice, iii the 

groiind state t~ ground s ta te  resonant tunneling regime. 

Fig. 5 shows ;he I-V cliaract,eristic of sample 2 (33nm 

~vells/4nm ba.riers) under laser ra.diat,ion of clifferent 

frequencies, for a temperature of 75K. These results 

are essentia.lly teniperature independent below approx- 

iniately IOOK, i.e., in tlie sequential resonant tuiineling 

regimeI1" ]. 

I t  is clear in Fig. 5 tha t  the t,eraliertz radiat,ion pro- 

duces new steps a.nd plateaus in the I-V characteristic. 

Thc  position i i volta.ge of t,he nem steps is a. function of 

the frequency, mith the  oiiset of tlie iiew plateaus n~ov-  

ing to lower koltages a.s t,he frequency increases. The 

oiiset of the new plateaus also depends weakly on the 

far infrared radiation intensity. 

The frequt-ncy depenclence of t,he onset of the new 

plateaus induc.ed by the terahertz radia.tion in the I-V 

curve is slio~vn in Fig. 6. The voltage position of the 

onset of a new plateau was defined as the position of tlie 

minimurn in the d2  I / d V 2  curve in the region of voltage 

wliere the new step appears. The  voltage shown in the 

y-a.xis is t,he tot,al voltage applied to  the superlattice 

divicled by 100, tlie nurnber of periods of the structure. 

The solid lines in the figure are best straight line fits 

tlirougli tlie da ta  plotted as open squares. 

0.5 , ..c;,.' 
Sample 2 - 
T = 7 5 K  : 

Figure 5: Tlie dependence of the DC current-voltage char- 
acteristics of the 33nm wells/4nm barriers rnultiquantum 
well superlattice on the frequency of the AC electric field. 
Thc static I-V characteristic (solid line) is shown again for 
comparison. For clarity, only three frequencies are shown: 
1.50TIIz (dash-dotted line), 1.83 THz (dotted line) and 2.11 
T H z  (dashed line). The inset is an extended view of the 
static and 2.11 THz I-V curves showing the additional struc- 
t,ure aroiiid 2.1V. 

There are some striking features in Fig. 6. First, 

most of tlie data,  plotted as open squares, lie along 

straight lines tha t  have slopes AV/Af = -h/e ,  , t o  

witliin tlie experimental error. Here, h is Planck's con- 

stant  and e is the magnitude of the electron charge. Sec- 

ond, the f = O intercepts of these lines, l l .8meV and 

30.GnieV, correspond closely to tlie calculated energy 

sep ra t ions  between the ground state,  €0, and the first, 

€1, and second, €2, excited states, respectively. Using a 

simple envelope function approximation in the absence 

of a DC electric field, we obtain €1 - €0 = 12.4meV and 

€2 - c0 = 32.7meV. The  only da ta  tha t  do not lie on 

these straight lines, plotted as closed circles on Fig. 6, 
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are thc ones for f = 3.1 to 3.3THz. Tliese frequencies 

correspond closely to  tlie energy cliffereiice betweeri the 

ground a.nd first excited stat,es. Clea.rly, some different 

process is occurring for trlie liigliest frequencies, involv- 

iiig la~er-induced transitions betweeii these two states. 

Frequency (THz) 

Figure 6: Tlie voltage posit,ions of tlie onset of tlie AC 
field-induced plateaus in t,lie I-V cliaracterist,ic of t,he 33nm 
wells/4nm barriers miilt,iquantum well siiperlattice plotted 
as a funct,ion of tlie freyuency of tlie far infrared field. The 
voltages sliown are tlie voltage drops across a single period 
of tlie superlattice if a uniforrn DC elect.ric field is assumed. 

Tlie straight line behavior sho~vii in Fig. 6 strongly 

sugges$s that  tlie new structure incluced in tlie I-V 

characteristic by tlie terahertz radiation is due to  pho- 

ton mediated- t ~ n n e l i n g [ ~ ~ - ' ~ ]  a.nd that  the  DC voltage 

is dropped uniforinly across tlie sa.mple, a.t these bia.s 

points, in the preseiice of the iiitense terahertz d i a , -  

tion. The  far infrared electric field opens a new con- 

duct,ion chaniiel, in which an  elect,ron can tunnel from 

tlie groiind state in one y u a n t u n ~  well to ai1 excited 

state E,% in tlie neighboring well with tlie absorption of 

a plioton. Tlie electron then releases the excess energy 

e\/  = (E, - E ~ )  in ai1 intra-well tra.iisitfion to tlie ground 

state and a new pliot,oil-mediatecl t,unneling process to 

the next quantuin well follows. 

The new steps in the I-V curves occur a t  voltage bi- 

ases where tlie static conditions necessitated high elec- 

tric field domains. These domains ~vill be altered only 

when the new conduction chaiinels are strong enough to 

model exposecl above irnplies tha t  the terahertz fields 

a.re sutEcieritly strong to  make photon-mediated tunnel- 

ing a significant mechanism of electronic conduction, a t  

lea.st a.round tlie DC biases where the new structure in 

the I-V curve is observed. This is consistent with the 

significant changes i11 current induced by the AC field 

a t  these 11ia.ses. The  conclusion from the da ta  is that  

t,lic terahertz rac1iat)ion forces a uniform distribution of 

the applied DC voltage a t  these positions in bias. I t  

is possible t,hat some of the power dependency of the 

da.ta points in Fig. 6 is due to residual field inlionio- 

gcneities. Generally, the new steps in the  I-V curve 

appear a.t sliglitly higher DC bias as the intensity of 

tlie laser field is increased. 

Figure 7: Tlie plioton assisted tunneling process viewed as 
turinelirig frorn one well into photon sidebands of a state in 
tlie neigliboring well. 

A clear view of how the photon-assisted tunneling 

process gives rise to the ncw steps and plateaus in 

tlhe I-V curves is provided by the concept of photon 

si t lebaiids[l~,  as shown schematically in Fig. 7. The  

new steps are due tjo processes similar to the ones that  

produce tlie plateaus in the static characteristic, except 

tha t  tlie tunneling is from the ground state in one well 

to a photon sideband in the neighboring well. The two 

liiies in Fig. 6 correspond to  tunneling from the  ground 

state of one well to photon sidebands of the  first and 

tlie second excited states in thc  adjacent well. Note tha t  

only processes involving photon ahsorption are seen. I t  

is not clear why processes involving photon stimulated 

einissions are not observed. 

In conclusion, i t  was shown in this paper tha t  in- 

teme AC electric fields in the terahertz range of fre- 

queiicies substaiitially affect the DC conductivity of 
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niultiquanturn well semiconductor superlattices a t  loiv 

teniperatures. For low D C  biases, when the electroiiic 

conduction in the structure is via sequential resonant 

tunneling frr>m the ground state of one well t o  the  

ground statc of the adjacent well. the DC conductance 

exhibits an  oscillatory beliavior as a function of the 

terahertz fieid intensity which resembles the  zero or- 

der Bessel fiinctioil which appears i11 t,heories describ- 

ing transpor,  properties of periodic structures submit- 

ted to  intense AC electric fields. The  dependency of 

the D C  I-V characteristics of the superlattices on the 

frequency of the AC radiation shows that  the terahertz 

fields introdi ce a new mechanism of eiectronic conduc- 

tion, photon- mediated sequential tunneling. 
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