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We have invest igated resonant  tunnel ing in double barr ier  heterostructures 
in which the tunnel barr iers  have been replaced by short period superlattices,  
and have shown for the first t ime quantum well confinement in a s ingle 
quantum well bounded by superlattices.  These results also demonstrate the 
first  u t i l iza t ion  of shor t  period b ina ry  super la t t ices  as effective t unne l  
barr iers  to replace the conventional AlxGal_xAs barriers.  The superlatt ice 
structure does not exhibit  the asymmetry around zero bias in the electrical 
characterist ics normal ly  observed in the conventional AlxGal .xAs bar r i e r  
structures, suggestive of reduced roughness  at  the inver ted  interface by 
s u p e r l a t t i c e  smoo th ing .  The s u p e r l a t t i c e  b a r r i e r  a lso  e x h i b i t s  an 
anomalous ly  low b a r r i e r  he ight .  The per formance  of th i s  symmet r i c  
supe r l a t t i c e  s t ruc tu re  is compared  wi th  an i n t e n t i o n a l l y  cons t ruc ted  
asymmetric  double barr ier  superlat t ice structure,  which exhibits pronounced 
asymmetry  in the electrical characteristics. The observed behavior supports 
the view tha t  resonant  enhancement  occurs in the quantum well. 

Negative differential  resistance (NDR) devices 
u t i l i z ing  double  b a r r i e r  r e s o n a n t  t u n n e l i n g  
s t r u c t u r e s  I h a v e  r e c e n t l y  u n d e r g o n e  a 
renaissance 2-4 due to improved GaAs-A1GaAs  
molecular beam epi taxy (MBE) techniques.  In 
these devices, the e s sen t i a l  c a r r i e r  t r a n s p o r t  
mechan i sm is e l ec t ron  (or h o l e )  t u n n e l i n g ,  
specifically through u l t ra th in  (~50A) AlxGal_xAs 
tunnel barr iers  and a GaAs quantum well. This 
renewed in teres t  has  led to the observat ion of 
large room tempera tu re  peak to va l ley  tunnel  
current ratios, 4 resonant  tunnel ing of holes, s the 
observat ion of m u l t i p l e  nega t ive  d i f f e r en t i a l  
r e s i s t a n c e  (NDR) p e a k s  due  to r e s o n a n t  
tunne l ing  6 and the observa t ion  of s equen t i a l  
resonant tunnel ing through a mul t iquantum well 
superlattice. 7 

Until  now, investigation of this s tructure in 
the GaAs/A1GaAs system has  been l imi ted  to 
quantum well confinement barr iers  that  have a 
constant A1 mole fraction. There exist a number 
of intr iguing s t ructures  tha t  can be fabr ica ted  
with bar r ie r s  t ha t  are ta i lored  in rea l  space.  
However, there exist practical constraints on the 
rate in which the A1 mole fraction (i.e., the height  
of the barr ier  with respect to the GaAs conduction 
band) can be changed, thus l imit ing the structures 
that  can be investigated. To solve the A1 mole 
fraction gradient  constraint,  we have invest igated 
the possibi l i ty  of replac ing the A1GaAs a l loy  
ba r r i e r  wi th  a supe r l a t t i c e  of f ixed A1 mole 
fraction. Thus, ta i lor ing  of the ba r r i e r  he igh t  

reduces to a s imple r  p roblem of d i m e n s i o n a l  
control of the superlatt ice layers. 

We p r e s e n t  t h e  f i r s t  s t u d y  of  s u c h  a 
heterostructure uti l izing superlatt ice barriers,  in 
this  case b i n a r y  supe r l a t t i ce s .  I t  should  be 
pointed out tha t  the addit ional  degree of freedom 
of an A1 mole gradient  in a superlat t ice barr ier  
structure adds tremendous superlat t ice miniband 
tai loring possibi l i t ies .  This  repor t  is the f irst  
demonstration that  a quantum well state can be 
created in the single quantum well structure with 
super l a t t i ces ,  and  t h a t  c o n f i n e m e n t  can be 
ach ieved  w i th  t h in  s u p e r l a t t i c e s .  T h o u g h  
quantum well confinement by superlat t ices  has 
been  p r e v i o u s l y  i n v e s t i g a t e d  by  
photoluminescence, 8 the superlat t ices were much 
thicker, had a longer period, and was invest igated 
in a mult iple quantum well structure. 

The samples used in this study were grown by 
molecular beam epi taxy in a Riber MBE-2300 on a 
2- inch (100) n+  S i -doped  S u m i t o m o  G a A s  
substrate.  The substrate was directly heated in a 
rotating subst ra te  holder.  Fol lowing a h igh ly  
doped (n-type, Si @ ~lxl018 cm -3) buffer layer, the 
active resonant  tunnel ing structure region was 
then grown. For the alloy bar r ie r  structure,  the 
undoped  AlxGal_xAs  b a r r i e r  (50,~, x = . 3 5 ) ,  
undoped  G a A s  q u a n t u m  wel l ,  a n d  s i m i l a r  
AlxGal.xAs barr ier  were then grown, followed by 
a similar top contact ~ 0.5 micron thick. For the 
superlatt ice barr ier  structure, the same procedure 
was used, replacing the superlatt ices for the alloy 
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igure 1. Current  - voltage characteristics of a 50 
GaAs quantum well / 50 A A1.35Ga.ssAs double 

barrier heterostructure. The device mesa area = 

. . . .  positive bias 

. . . .  negat ive bias " 

// 1 
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25 pm '~ and T = 300°K. Both posit ive and 
negative bias are shown for comparison. The 
asymmetry around zero bias is evident. 

barriers. Devices were fabricated by defining 
mesas  on the  s u r f a c e  w i t h  c o n v e n t i o n a l  
p h o t o l i t h o g r a p h y  a n d  m i c r o f a b r i c a t i o n  
techniques, bonded for mechanical stability, and 
inserted into a variable temperature cryostat for 
measurements in the range 1.2°K to 300°K. 

Figure 1 shows the static current-voltage (I-V) 
characteristics of a typical conventional  alloy 
bar r i e r ,  50A wide q u a n t u m  well  r e s o n a n t  
tunne l ing  structure at 300°K. The s t ruc ture  
exhibits a peak to valley tunnel  current ratio of 
1.75:1 (which inc reases  typ ica l ly  to 7:1 a t  
T > 100°K). For compar i son  purposes,  the 
negative bias data has been reflected into the first 
quadrant. There exists a noticeable asymmetry in 
the electrical characteristics about zero bias. This 
asymmetry has been attributed to the inverted 
interface morphology of the quan tum well and 

4 contact region. This is cons is ten t  with our  
observations;  posi t ive b ias  impl ies  e lec t ron  
injection from the superior backside GaAs contact. 
However, it  is also possible to ascribe th is  
a symmet ry  to dopan t  r e d i s t r i b u t i o n  at  the 
contacts due to the difference in diffusion times for 
the top and bottom contacts. 

A superlattice barrier structure was fabricated 
and a cross-sectional TEM is shown in Figure 2. 
For this structure, each barrier consists of three 
7/~ layers of AIAs and two 7/k layers of GaAs. The 
GaAs quantum well width is 45A. Figure 3 shows 
the static current-voltage (I-V) characteristics of 
this structure at 300°K. The structure exhibits a 
peak to valley tunnel current ratio of 1.8:1. The 
symmetry for positive and negative bias is 
excellent. This implies that the inverted interface 
is indeed responsible for the observed asymmetry. 
The possibility of dopant diffusion through the 
structure has been eliminated by observing that, 
with the application of intense broadband light 

there is negligible peak shift due to the effect of 
DX centers in the barriers. 

The observed resonant bias positions can be 
compared with the theoretical predictions of a 
t ransfer  mat r ix  model 9 if the effects of the 
parasitic series resistances can be el iminated.  
However, there exists an unambiguous method to 
determine the energetic position of the quantum 
well state re la t ive  to the Fermi level of the 
contacts. Applying the technique of low bias 
t h e r m a l  ac t iva t ion  1° to the double  b a r r i e r  
structure, we see that  the effective barrier height 

~ resented to the contact electrons is not the entire 
arrier but the nearby F-point of the quan tum 

well state. This was applied to the 50A quantum 
well alloy bar r ie r  s t ruc ture  and is shown in  
Figure 4. This method gave an activation energy 
of 70 meV, which is in excellent agreement with a 
calculated value of 116 meV when adjusted for the 
energy of the Fermi level, approximately 50 meV. 

The t he r ma l  a c t i v a t i o n  a n a l y s i s  of the  
superlattice barrier structure is shown in Fi~ure 5 
for two different device mesa sizes. This gives a 
quan tum well state of 121 meV. Us ing  this  
energy to determine the energy of the effective 
barrier height AEc*, assuming equal barriers and 
that  the envelope function approximat ion  for 
thick barriers is valid, we obtain a AEc* of 290 
meV. This was checked against comparing the 
transmitted resonant tunnel ing current densities 
of the super la t t ice  b a r r i e r  s t r u c t u r e  to the 
conventional alloy barrier structure. This gave a 
AEc* of 240 meV. A monolayer fluctuation of the 
GaAs q u a n t u m  well gave 275 meV, in good 
a g r e e m e n t  w i t h  t he  e n v e l o p e  f u n c t i o n  
approximation. 

The superlattice barrier height is much lower 
than one would expect from a n~iive averaged 
alloy composition of 0.60, which gives a barrier 
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Figu re  2. Cross -sec t iona l  T E M  of t he  b i n a r y  
super la t t ice  bar r ie r  resonant  t u n n e l i n g  ~structure. 
The width of  the q u a n t u m  well  is 45 A and the 
w i d t h s  of  t h e  t w o  G a A s  a n d  t h r e e  A l A s  
supe r l a t t i ce  b a r r i e r  c o m p o n e n t s  a re  7 /L  I-V 
character is t ic  of a 100 A q u a n t u m  well  r esonan t  

t unne l ing  device at  77°K. The peak at  150 mV is 
due to resonant  t u n n e l i n g  t h r o u g h  the  g round  
state of the q u a n t u m  well, and the peak a t  1.45 V 
is due to r e sonan t  t u n n e l i n g  t h r o u g h  the  f i rs t  
excited state of the q u a n t u m  well. 
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Figure  3. Cu r r en t  - vol tage character is t ics  of the 
super la t t ice  double bar r i e r  he teros t ruc ture .  The  
device mesa  area  = 25 lain 2 and T = 300°K. Both 
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p o s i t i v e  a n d  n e g a t i v e  b i a s  a r e  s h o w n  for  
comparison. The symmet ry  around zero bias is 
excellent.  
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Figure 4. Low bias thermally activated current 
for the 50/~ alloy barrier structure. The device 
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mesa area = 100 ~Im 2. The resu l t s  are in 
excellent agreement with theory. 
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Figure 5. Low bias thermally activated current 
for the superlattice barrier structure. The device 
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mesa  a reas  = 25 pm 2 and 100 pm ~. 
activation energy -- 71 meV. 

The  

height of 587 meV. The observed barrier height of 
290 meV is e q u i v a l e n t  to an averaged  alloy 
composit ion of 0.30. An enve lope  func t ion  
approximation to a superlattice of infinite extent 
gives 677 meV for the conduction miniband edge. 
Thus, the superlattice barrier structure exhibits 
an a n o m a l o u s l y  low b a r r i e r  h e i g h t .  The  
observation of an anomalously low barrier height 
is indicative of an enhanced evanescent tail. 

We have also investigated a structure that  has 
an asymmetric superlattice barrier construction. 
Figure 6 shows a cross-sectional  TEM of the 
asymmetric binary superlattice barrier resonant 
t u n n e l i n g  s t r u c t u r e .  The  5 c o m p o n e n t  
superlattice barrier is the same as in the structure 

discussed prev ious ly ,  but  the **asymmetric" 
barrier has 7 A AlAs component, a 7 A GaAs 
component, and a 15 /~ AlAs cpmponent. The 
width of the quantum well is 45 A. This structure 
is in t r iguing since the effective barrier ,  going 
from the quantum well to the GaAs contact ,  
slopes "up" with respect to the conduction band of 
the GaAs contact. This implies that  (1) the I-V 
should be asymmetric; (2) the resonance should 
have a smaller peak to valley ratio going from the 
asymmetric harrier to the symmetric barrier than 
in the reverse direction. 9 

Figure 7 shows a static I-V measurement  of the 
asymmetr ic  resonant  t u n n e l i n g  s t ruc tu re  a t  
300°K. Positive bias corresponds to e lectron 
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Figure 6. Cross-sectional TEM of the asymmetric 
b inary  superla t t ice  ba r r i e r  resonant  tunne l ing  
structure. The width of the quantum well is 45 ~.  
The 5 component  super la t t ice  ba r r i e r  has  two 

/ 
/ 

Z 

GaAs and three AlAs components of 7/k each, and 
the  a s y m m e t r i c  b a r r i e r  h a s  a 7 A A l A s  
component, a 7 A GaAs component, and a 15 
AlAs component. 

Figure 7. Current  - voltage characterist ics of the 
a s ymmet r i c  supe r l a t t i ce  r e s o n a n t  t u n n e l i n g  
structure. The device mesa area = 100 pm 2 and T 
= 300°K. Positive bias corresponds to electron 
injection first through the "asymmetric" barr ier .  

injection first through the "asymmetric" barrier .  
There exists negligible voltage difference in the 
peak  posi t ions,  i m p l y i n g  t h a t  the  w e i g h t e d  
barr ier  height at  resonance is approximately the 

same for both barr iers .  However,  the peak to 
val ley  is quite different  for the different  b ias  
directions. This observation supports  the view 
that  the observed negative differential  resistance 
is due to r e sonan t  e n h a n c e m e n t  ("coherent"  
r e sonan t  t unne l ing )  in the  s t ruc tu r e  v e r s u s  
t h e r e c e n t l y  p roposed  tl model  of s e q u e n t i a l  
resonant tunneling.  

In summary,  we have invest igated resonan t  
tunneling in structures where the normal alloy 
barr iers  have been replaced by superlattices.  The 
structures do not exhibit  the asymmetry  in the 
electrical characteristics seen in the alloy barr ier  
structures, and have an anomalously low barr ier  
height.  An asymmetr ic  super la t t ice  s t ruc ture  
exh ib i t ed  d i f fe ren t  peak  to v a l l e y  r a t i o s  in  
opposite bias configurations, support ing the view 
tha t  resonant enhancement does occur in double 
barr ier  structures. 
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