
Abrupt monocrystalline  junctions  between two different 
semiconductor  materials (heterojunctions)1  have been 
made by depositing germanium  epitaxially on gallium 
arsenide  substrates. The purpose of this  communication 
is to  summarize some  tentative  results  obtained  in  a  study 
of the electrical  characteristics of these junctions.  A more 
detailed paper is under  preparation. 

Germanium  can be transported  from a hot  to a  cooler 
portion of a furnace by a  process involving iodine com- 
pounds.2 This method was used here  to deposit Ge epitax- 
ially on  GaAs. Because of the similarity in crystal  struc- 
ture  and  lattice  constant (5.62 A for  both  materials)  it 
was expected that  there would be negligible strain  at  the 
interface.  Such  strains would tend to complicate interpre- 
tation of the measured  properties. 

The  furnace used for this deposition is depicted in 
Fig. 2 of the  Marinace communication.3 The hydrogen 
carries the iodine  past the  germanium,  where  germanium 
iodides are formed. The iodides dissociate in  the cooler 
substrate region on  the right side of the diagram. 

The heterojunctions described here were obtained from 
a single deposition  in  which n-type Ge was deposited on 
p-type GaAs (n-p junction)  and on n-type GaAs,  (n-n 
junction).  The  Ge was much  more heavily doped  than 
the  GaAs. A combination of potential  probing and  ther- 
moelectric  probing4  indicated that a  potential barrier was 
present at  the interface and  that  for  both types of junc- 
tions the transition  region was predominantly  in the 
GaAs. 

The junctions which were produced exhibited rectifi- 
cation  properties. The rectification was of the opposite 
polarity for  the two  kinds of junctions. To bias the diodes 
to  the low-resistance state  (forward bias) it was necessary 
to bias the  Ge negatively with  respect to  the  GaAs  for  the 
n-p  junctions and positively for  the n-n junctions. In addi- 
tion  to these  normally rectifying junctions,  tunnel  junc- 
tions have also been made. 

Alignment  of  bands at interface 

The “built-in”  voltage (V , )  between the  Ge  and  the 
GaAs was determined for these junctions by extrapolating 
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the linear portion of the high current V-I characteristics 
to  zero  current.  The built-in voltages for  the n-p junction 
( V D )  and for the n-n junction ( V b )  were found to be 
0.62k0.02 and 0.47 t0 .02 v, respectively. These meas- 
urements indicate that  the  conduction  and valence band 
edges are discontinuous at  the junction by approximately 
0.54 and 0.14 ev, respectively. This  is shown in Fig. 1 
for  the situation  where charge neutrality is assumed to 
exist at every point. This is not the  band  picture  at equi- 
librium. The  actual electrostatic profile for equilibrium 
depends on  the doping  in the materials. Figures 2 and 3 
depict the equilibrium  conditions for n-p and n-n hetero- 
junctions, respectively. To obtain the values for  the dis- 
continuities at  the interface, the published band gaps of 
0.68 and 1.36  ev  were  assumed for Ge  and  GaAs, re- 
spectively, and  it was further assumed that  the  Fermi level 
in the  Ge coincided  with the conduction band edge. 
Sheet resistivity measurements5 indicate  a net  donor con- 
centration  in  the Ge of about 101g/cm3. At this impurity 
concentration, the assumptions as.to  the position of the 
Fermi level and  the width of the  forbidden band in Ge 
may not be valid, and so the discontinuities  may  not  be 
exactly as indicated. 

Figure 1 Energy-band diagram for a Ge  and GaAs 
heterojunction. 
Space-charge  neutrality is assumed to exist at 
every point.  This is the picture  for high for- 
ward-bias  where IR  drops in the bulk semi- 
conductor  are neglected. 
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Figure 2 Energy-band diagram for n-p heterojunc- 
tion at equilibrium. 

In  the absence of charged  "interface states," the sum 
of the built-in voltages for  the two kinds of junctions 
would be 

where the symbols refer  to Figs. 1, 2,  and 3 and  the built- 
in voltages Vo and V l  are  equal  to  the sums of the  partial 
built-in voltages VDI+VD, and Vb,+Vb2 .  The  primed 
symbols refer  to n-n junctions  and  the  unprimed to n-p 
junctions. 

Relationship ( 1 )  was verified within  experimental 
error,  and so the  interface  state density was not high 
enough to preclude  agreement between theory  and ex- 
periment. In  the above  expression, Egz is the  band  gap 
in  the  GaAs.  The values of A2 and AH (the energy dif- 
ferences between the conduction  band edge and  the 
Fermi level, and between the valence band edge and  the 
Fermi level, for n- and p-type GaAs, respectively)  were 
calculated using an effective mass for holes equal  to  the 
true electron mass ( m )  and  the published  value6 of 0.078 
m for  the effective mass for electrons. These values of A2 
and A; were found to be 0.19 and 0.07 ev, respectively. 

Tunnel diodes have been made by depositing phospho- 
rus-doped,  degenerate  n-type Ge  on zinc-doped  degener- 
ate p-type G ~ A s . ~  A cross-sectional view is shown on 
page  246. The V-Z characteristics of such a diode  are 
shown  in  Fig. 4. The built-in voltage between the two 
materials was measured to be 0.90t0.05 v, which is ap- 
proximately  what would be  expected by  the  theory  pre- 
sented here. 

Charge distribution 

The conventional  theory for homojunctionsl of the elec- 
trostatic charge distribution and  the differential  capaci- 
tance, C r d Q / d V ,  obtained by solving Poisson's equa- 
tion  for a  space charge determined by local  equilibrium, 
is readily  generalized for heterojunctions. The most im- 
portant results are given below and  the experimental 
results for  the transition  capacity are related to theory. 

For  the n-p junctions, the space-charge  density  in the 
284 transition  region is proportional  to  the  net  impurity den- 
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Figure 3 Energy-band diagram for n-n heterojunc- 
tion at  equilibrium. 

sity. For  an  abrupt junction, the depletion  region  width 
on  the  GaAs side ( W 2 )  is for  an applied voltage V 

wz= " 

where Nol and  are  the  net  donor concentration and 
the permittivity respectively for  the  Ge side, and NAZ and 
EZ are  net acceptor concentration  and permittivity on  the 
GaAs side. A  similar equation with an exchange of sub- 
scripts  applies to  the  Ge side. The  ratio of the  fractions 
of the transition  region width appearing  on either  side of 
the  junction is 

[ 4 NAZ E I N D ~ + E Z N A Z  1 '  ( 2 )  

2 No1 EIEZ(V,-V)  

Wz N D I  
WI NAZ 

as  in the case of an n-p homojunction. 

"- - 

Figure 4 V- l  characteristics of Ge-GaAs  tunnel n-p 
heterojunction. 
The  ordinate scale is 50 ma/div and the 
abscissa scale 0.1 v /d i v .  
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The relative  potentials supported in each of the semi- 
conductors  are 

where VI and V2 are  the portions of the  applied voltage 
appearing  on  the Ge side and  on  the  GaAs side, respec- 
tively. 

The transition capacitance  for  an  abrupt n-p junction is 
given by a  generalization of the  usual result: 

~ N D I N A Z E I E ~  
~ ( E I N D ~ + E z N D ~ ) ( V D - V )  

c,-,= [ 1'" . (5a) 

The case of an n-n junction is somewhat different. The 
relative  alignments of the  Fermi levels with  respect to  the 
band edges are  such  that  the space charge  in  the  Ge 
region consists of mobile charge  (electrons) in the con- 
duction band. The solution to Poisson's equation in  this 
case is tedious,  but it is relatively easy to show that, ex- 
cept for very small values of V D -  V ,  the voltage drop is 
expected to  be predominantly  in the  GaAs,  and  the ca- 
pacitance is determined  primarily by the characteristics 
of the  GaAs.  For a constant impurity  density in  the  GaAs 
the transition capacitance is 

c,-,= [ 4Nozez I"'. 
2(VD-Vj  

For  the cases in  which the impurity density varies  with 
position, Eq. (5a) and  (5b)  are  not applicable. If the 
capacitance can be  expressed  empirically as 

c=Cl(v,-V)-" 3 ( 6 )  

a  plot of V vs (l/C)l/" extrapolated to a zero value of 
( 1/C) *Ia gives the built-in voltage VD.7 From  the values 
of C1, 01 and junction area,  the  net ionized impurity con- 
centration  on  the  more lightly doped  side of the  junction 
can be obtained.8 The values of 01 obtained  experimentally 
are 0.5 and 0.15, and  the values of V D  and V ,  are 0.85 
&0.05 and 0.50?0.05 for n-p and n-n heterojunctions, 
respectively. This is probably  not as accurate a method 
of determining V D  as  the  one described  earlier,  since it 
depends upon  an extrapolation  which assumes that  the 
function describing the  net impurity concentration  in  the 
GaAs with  distance from  the interface  remains  unchanged 
to  the interface. 

The value of 01 equal  to 0.5 for the n-p heterojunction 
indicates that  the  acceptor concentration is a  constant 
(1.5 x 101G/cm3) in  the region  measured. The value of 
VD=0.85 suggests, however, that  the doping level be- 
comes  lighter near  the interface.  A  variation in the doping 
level near the junction was observed in the n-n junctions. 
The value of 01 = 0.15 indicates  a net  donor  concentration 
varying5 as X 4 . 7 ,  where X is the distance from  the inter- 
face.  The agreement  between  the  value of VD measured 
this way and  from  the V-Z characteristics suggests that this 
relationship  holds to  the interface. It should be mentioned 
that lightly doped  n-type GaAs seeds  were  converted to 
p-type  near  the  hterface  and a p-n homojunction within 
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Figure5 Plot of In I vs forward volts for n-n and 
n-p  junctions at elevated temperatures. 
The values of 77 from Eq.(l7) are indicated. 

the  GaAs resulted. These units are  not those reported  on 
in this  communication. 

V-I  characteristics 

The V-Z characteristics at  room  temperature  and  at ele- 
vated temperatures show an exponential  increase of 
current with forward voltage for  both n-p and n-n hetero- 
junctions. The  current also increases  approximately ex- 
ponentially  with  reverse voltage for these  junctions, 
although  the increase is much  more  gradual  than  for  the 
case of forward bias. Forward  and reverse  characteristics 
of two representative  junctions are shown in Figs. 5 and 
6, respectively. The elevated temperature  data  are shown 
because surface leakage is expected to be  comparatively 
unimportant  at these  temperatures. 

For the n-p heterojunction the  current would be ex- 
pected to be  mainly by holes [the  barrier  for holes, 
( VD2) ,  is less than  for electrons, ( VD2 + VDI +A&) ] and 
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would be  expected to be given by the  formulag 

where 

Here  Dp  and rP are respectively diffusion constant  and 
lifetime for holes in  Ge. 

The  current  in  the n-n heterojunction would be ex- 
pected to be carried by electrons  which  have sufficient 
energy to surmount  the  barrier  (here  the  barrier  for elec- 
trons. is less than that  for  holes).  Since  the  barrier width 
is about a mean  free  path,  the emission theorylo should 
apply, or 

J,.n=B'exp(-q%)[exp (q;) -11 (9) 

where 

Here ND2 is the  donor  concentration  at  the edge of the 
transition  region and me is the electron effective mass in 
the  GaAs. 

For  parameters B and B', it is assumed that all electrons 
which have sufficient momentum  to  surmount  the  barrier 
will pass over  it. 

If Eqs. (7)  and (9) are applicable, it means that  the 
potential barriers ( VD2 and Vb, ) must decrease  with an 
increase in reverse voltage for agreement  with  experi- 
mental characteristics,  since  B and B' are reasonably 
insensitive to applied voltage. The two  most likely effects 
which  could contribute  to a  lowering of the potential 
barriers  with  applied  reverse voltage are image effectPJ1, 
and  quantum-mechanical  tunneling.ll 

The image effect is analogous to  the Schottky effect in 
vacuum diodes. Because of the difference in  permittivity 
in Ge and  GaAs,  the potential barrier would be  expected 
to be  lowered. The  amount of lowering ( + i )  can be 
expressed 

+i= ["""]'", 
4ne' 

where Fo is the  magnitude of the field strength  at  the 
interface, neglecting the image effect, and13 

, ( E l S E Z )  

( E I - E Z )  
E =e2 - . 

The  value of Fo can be found  from  capacitance meas- 
urements  (provided  an extrapolation of Eq. (6) to  zero 
value of V D -  V is valid)  and is 

where C1 is the  constant in Eq. (6) and A is the junction 
286 area. 
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Figure 6 Experimental  points  and  theoretical 
curves for reverse V-l characteristics at  
elevated temperatures for n-n  and  n-p 
heterojunctions. 
Dots and circles are experimental data and 
solid lines are theoretical. 

For the diodes discussed, Fo is equal  to 6 X lo4 v/cm 
and 2 x 10' v/cm  at equilibrium for n-p  and n-n junc- 
tions respectively. 

Hence 

+i=O.ll(V~-V)1/4  for n-p junctions (13a) 

and 

4;  =0.087( VD- V)0.43 for n-n junctions, (13b) 

where +i is measured in electron volts. 
If the effect of image forces  on  the  barrier  shape is 

neglected, the tunneling  probability ( T ( E ) )  at any  en- 
ergy ( E )  below the  top of the  barrier  for  an n-n hetero- 
junction is1' 

The  same expression  holds for a n-p junction if E is the 
energy  above the  bottom of the potential barrier. 

The effective barrier-height  reduction ( + t )  due to tun- 
neling can be found by determining the  current which 
tunnels  and by equating  this to  the  current which would 
flow over the  barrier by a reduction in height of cjt. This 
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can be  obtained from  the formula 

where E,,, is the energy at  the  germanium valence and 
conduction hand edges for n-p and n-n heterojunctions, 
respectively. 

The  correct value of rn’# for  Eq.  (14) is difficult to 
determine,  but if the value for  GaAs is used and  Eq.  (15) 
is solved graphically to  determine + t ,  then approximately 

+t=0.020(V~-V)0.4s  for n-p junctions at  115°C  (16a) 

and 

+1,=0.019(V~-V)~.~~  forn-njunctionsat  110°C.  (16b) 

If the effect on  barrier  shape of image effects is con- 
sidered, the values of dt  would be  somewhat  smaller than 
those  calculated. 

If VDZ is replaced by V i 2 - + i - + c  in  Eq. (7) and Vh,  
is replaced by V;2 - 4: -+\ in Eq. (9) (where V i ,  and 
V i ;  are  barrier heights for n-p and n-n junctions respec- 
tively, neglecting barrier  depression), expressions which 
agree  reasonably well with  experiment are obtained. 
These  “theory” curves are plotted  in  Fig.  6  along  with 
experimental data.  The theoretical and experimental 
curves are matched at  the points shown. The theoretical 
curves  were  calculated assuming that any  degree of bar- 
rier  lowering is possible. Clearly,  however, the maximum 
lowering permissible is AEc and AEv for n-n and n-p 
junctions respectively. Although the  barrier lowering is 
considerably less than AEc for  the n-n junctions, the cal- 
culated  value for n-p junctions is equal  to  AE~(0.14  ev) 
for V D -  V =  1.4 v. It would be expected  then, that  the 
current in unit  AX-53  (Fig.  6) would saturate  at 3.5 pa. 
However, the  agreement between theory (assuming no 
limit on  barrier lowering) and experiment suggests that 
AEv is greater than  0.14 ev. This  may be because the 
band gap  in Ge is less than 0.68 v for this  degenerate Ge 
or because the effective discontinuity  in the  band edges is 
somewhat  larger than  the  true value. This would  be  ex- 
pected,  since the discontinuities  in the band edges and in 
the effective masses at  the interface  result  in a high reflec- 
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