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Abstract: 
Schottky barrier contact has been fabricated by thermal deposition of Al on (100) Ge 

(impurity concentration~1010/cm3 at 80K) that shows extrinsic p-type to intrinsic n-type 

transition near 180K. Both p and n-type Ge exhibits ideal Schottky behaviour with low 

reverse current and near unity ideality factors obtained from the linear form of temperature 

dependent current-voltage (I-V) characteristics. The diode current at various temperatures 

change its direction at non-zero applied bias that reflects a shift in position of charge 

neutrality level (CNL) from the Fermi level of Ge. With the rise in temperature, Schottky 

barrier height (SBH) steadily increases for p-Ge that can be understood on the basis of 

observed variation in CNL. Values of SBH determined from the zero bias Richardson plot 

agrees well with that estimated from the Schottky-Mott rule for strongly pinned interface. 

Activation energies are determined from the Richardson plot at various forward voltages and 

found to decrease with applied bias for n-Ge but reduces to zero for p-Ge that shows work 

function similar to Al. Annealing of Al/Ge induces regrowth of p-type Al doped Ge layer that 

exhibits gradual reduction of Al concentration towards p-Ge crystal. Al doped Ge(P+)/Ge (P) 

junction thus fabricated shows linear current-voltage (I-V) characteristics in the extrinsic 

region (below 180K). In the intrinsic region (above 180K), rectification is observed in the I-V 

curve due to temperature dependent change in conductivity of both Al doped Ge layer and Ge 

crystal. 
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1. Introduction: 
Fabrication of electrical contacts on semiconductor is required for its application in 

electronic devices. Due to the presence of a potential barrier between metal and 

semiconductor, a Schottky barrier is created that prevents flow of charge carriers thereby 

forming a diode with high degree of rectification and faster transitions. Metal/Ge Schottky 

contacts were widely investigated [1-4] and barrier height is found to be independent of metal 

work function due to Fermi level pinning near charge neutrality level [5,6]. Al is a popular 

choice for making Schottky contacts on Ge and reported to exhibit higher than predicted 

values of barrier heights and ideality factor [1,7-9]. Impurity concentration of germanium 

employed for making Al/Ge Schottky contacts were greater than 1014/cm3 and high quality 

diode showing near unity ideality factor along with barrier height close to the difference 

between electron affinity of Ge and Al work function has not been achieved. Fabrication of 

ideal metal/germanium Schottky contact remained as challenge due to dependence on various 

parameters such as interface, surface states and band structure modification [10-12]. Further, 

electrical conductivity of nominally doped Ge is a function of temperature [13] that has 

influence on the temperature dependence of metal/Ge Schottky barrier parameters. 

Characteristics of Al/Ge Schottky contact at low temperatures have not been studied in detail.  

Reduction of Shottky barrier height (SBH) and fabrication of Ohmic contacts is an 

important step to get signals into and out of a semiconductor. SBH of Metal/Ge can be 

reduced by inserting a dielectric layer between metal and germanium [14-16]. Barrier height 

values such as 0.34 eV, 0.15 eV and 0.35 eV are achieved for Ti germanide [17], sulfur-

passivated Ni germanide [18] and Fe/MgO contacts [19] respectively and found to be as low 

as 0.13eV and 0.09 eV for Al contacts on Ge by CF4 plasma treatment [8] and introduction of 

few monolayers of crystalline and amorphous Ge3N4 [5]. It is claimed that Fermi level 

pinning at the interface between n-Ge and a metal leads to the formation of a Schottky barrier 

but for p-type Ge it works opposite and all metal contacts show Ohmic behaviour [7]. 

Further, Al shows good Ohmic contacts on n-type Ge and hole barrier height of 0.57eV to p-

type Ge after sulphur passivation treatment [20]. A transition from rectifying to Ohmic 

behavior is observed in Al/n-type Ge contact with O2 plasma treatment [21]. Investigation on 

Al Schottky barrier on pristine p and n-type Ge is relevant for understanding large variation 

in heights observed for doped Ge as well as after interface modification.  

Barrier height of metal/semiconductor Schottky contact can be reduced and 

transformed to Ohmic enough by annealing that creates an alloy between the semiconductor 

and the metal at the junction [22,23]. Post-metallization annealing in N2 ambience of Al/p-
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Ge(100) junctions is found to be an effective means of controlling the Schottky barrier height 

[24]. A reduced barrier height around 0.37 eV is obtained at the epitaxial-NiGe2/Ge(100) 

interface formed by pulsed laser annealing and attributed to lowering of density of interface 

states due to reduced number of dangling bonds [25]. A heavily doped (conc. > 1019/cm3) 

interfacial layer creates a thin depletion region that that offer very low barrier height due to 

tunneling of carriers [26]. A low resistivity contact has been achieved by the growth of 

heavily doped semiconductor thin layer through germanidation at the Ni/Ge interfaces [27]. 

In a separate study, Ni/Ge and PdGe/Ge Schottky and Ohmic contacts have been fabricated 

by germanide formation through annealing [28]. These contacts were also observed to remain 

stable over a wide temperature range during annealing. Al has been widely used for making 

Schotky contacts on Ge as well as regrowth of epitaxial Al doped Ge interfacial layer by 

thermal annealing [29]. However formation of Ohmic contacts on Ge with Al doped Ge 

interfacial layer is not reported earlier and temperature dependent characteristics of electrical 

contact formed by the combination of Ge and Al doped Ge remain unexplored.  

The current study aims to address few important aspects of Al contact on germanium 

crystal. Pristine as well as doped Ge exhibit change in type of conductivity due to variation in 

temperature that determines the contact properties. Therefore, study of contact properties at 

low temperature is important particularly when metal contact is taken on high pure 

germanium and heavily doped Ge interfacial layer is used to make Ohmic contact. Here, Al is 

deposited on high pure germanium substrate (impurity conc. ~1010/cm3) to make ideal 

Schottky barrier (ideality factor~1 and barrier height 0.15 eV) diode which was hitherto not 

been achieved. Experimentally determined barrier heights matches with the theoretically 

predicted values and its temperature dependence is explained by the observed variation in 

charge neutrality level given by voltage required to reverse the direction of the diode current. 

Sudden change in temperature dependence of barrier parameters is observed when Ge 

undergoes transition from extrinsic p-type to intrinsic n-type conductivity. Further, Al doped 

Ge (p+) layer is grown on to p-type Ge by annealing Al/Ge Schottky contacts at 3500C 

followed by slow cooling. Regrown Ge in top Al layer creates heavily doped (p+) thin Al-Ge 

layer at the interface. In the extrinsic region (below 180K), both Al doped Ge and Ge 

substrate are found to be p-type by Hall measurement and the resulting p+/p junction shows 

Ohmic behaviour. At higher temperature, current-voltage characteristics exhibit varying 

degree of rectification depending on the conductivity of Al doped Ge and Ge substrate 

underneath. 

 



 

2. Experimental 
Commercially available Ge (100) crystal (acceptor conc. ~10

diamond wheel to pieces having flat faces and desired size of 8mm × 8mm × 1.5 mm and 

lapped by SiC abrasives sheets successively with grit sizes from 220 to 1500.

surfaces were ultra-sonicated in methanol for 15 minutes followed by polish etching in 3:1 

solution of HNO3:HF (by volume) for 3 minutes. For making Schottky contacts, 

approximately 80-90 nm thick Al films was deposited on 

pressure down to 2×10-6 mbar.

deposited Al/Ge was performed immediately after thermal evaporation in an argon 

atmosphere at 3500C for 40 minutes followed by slow cooling to room 

minutes. The easily removable Al layer converts in to rugged p

crystal.  

Thickness of Al films w

(Model-CCI-MP) based on coherence scanning interferometry

samples were measured by Ecopia HMS5000 Hall effect me

of temperatures from 77K to 300K. Four contacts were taken on the corners of square sample 

through In-Ga eutectic in Van der Pauw configuration. The sheet resistance of the samples 

was measured by collinear 4-probe method.

The device having material combination Al/Ge/In

in a cryostat for temperature dependent current

6517B electrometer. In-Ga eutectic was used to make Ohmic back contacts on Ge. 

was evacuated and cooled to 77K using liquid nitrogen and controlled using a PID 

temperature controller. Analysis of results is

metal/semiconductor junction and 

emission [30]. 

 

Fig. 1. Configur
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Commercially available Ge (100) crystal (acceptor conc. ~1010/cc at 77K) was cut by 

pieces having flat faces and desired size of 8mm × 8mm × 1.5 mm and 

lapped by SiC abrasives sheets successively with grit sizes from 220 to 1500.

sonicated in methanol for 15 minutes followed by polish etching in 3:1 

:HF (by volume) for 3 minutes. For making Schottky contacts, 

90 nm thick Al films was deposited on one (100) face of Ge 

mbar. For the regrowth of Al doped Ge layer, in-situ annealing of as 

deposited Al/Ge was performed immediately after thermal evaporation in an argon 

for 40 minutes followed by slow cooling to room temperature during 90 

minutes. The easily removable Al layer converts in to rugged p-type Al-

Thickness of Al films were determined by Taylor-Hobson make optical 3D 

MP) based on coherence scanning interferometry. Hall coefficient 

samples were measured by Ecopia HMS5000 Hall effect measurement system within a range 

of temperatures from 77K to 300K. Four contacts were taken on the corners of square sample 

Ga eutectic in Van der Pauw configuration. The sheet resistance of the samples 

probe method. 

he device having material combination Al/Ge/In-Ga eutectic (Fig. 1) was mounted 

in a cryostat for temperature dependent current-voltage (I-V) measurement by a Keithley 

Ga eutectic was used to make Ohmic back contacts on Ge. 

was evacuated and cooled to 77K using liquid nitrogen and controlled using a PID 

Analysis of results is carried out in line with the band theory of 

metal/semiconductor junction and Schottky diode current equation based on 

 

Configuration of Al/p-Ge/In-Ga Schottky diode. 

/cc at 77K) was cut by 

pieces having flat faces and desired size of 8mm × 8mm × 1.5 mm and 

lapped by SiC abrasives sheets successively with grit sizes from 220 to 1500. Lapped 

sonicated in methanol for 15 minutes followed by polish etching in 3:1 

:HF (by volume) for 3 minutes. For making Schottky contacts, 

one (100) face of Ge under chamber 

situ annealing of as 

deposited Al/Ge was performed immediately after thermal evaporation in an argon 

temperature during 90 

-Ge contacts on Ge 

Hobson make optical 3D profiler 

Hall coefficient of Al-Ge 

asurement system within a range 

of temperatures from 77K to 300K. Four contacts were taken on the corners of square sample 

Ga eutectic in Van der Pauw configuration. The sheet resistance of the samples 

Ga eutectic (Fig. 1) was mounted 

V) measurement by a Keithley 

Ga eutectic was used to make Ohmic back contacts on Ge. Cryostat 

was evacuated and cooled to 77K using liquid nitrogen and controlled using a PID 

carried out in line with the band theory of 

based on thermo-ionic 
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3. Results and Discussion 
3.1 Analysis of current-voltage (I-V) characteristics of Al/Ge contacts by Schottky barrier 

model 

I-V characteristics of un-annealed Al/Ge/In-Ga device (Fig. 2) in the temperature 

range 80-300 K shows excellent rectification that indicates formation of high quality metal 

semiconductor Schottky barrier diode. As the temperature increases, both forward and 

reverse current attains higher values and knee voltages shift to lower values due to thermally 

generated carriers. The high pure germanium used here exhibits p-type conductivity in the 

extrinsic region below 180K and exhibits low reverse current along with exponentially rising 

forward current, resulting rectification ratio (RR) as high as 104. In the intrinsic region (above 

180K), Ge shows n-type conductivity and thermally generated minority carriers contribute to 

higher reverse current that reduces the RR although Schottky contact is formed by Al on both 

p and n-type Ge. 

 

 

Fig. 2. Temperature dependent semi-logarithmic I-V characteristics of Al/Ge/In-Ga Schottky diode. 

Temperature dependent Schottky barrier parameters are determined by analyzing I-V 

characteristics in accordance with the developed theory of Schottky barrier diodes [31,32]. 

The current through the Schottky diode (I) can be expressed by Shockley equation based on 

thermionic emission, 
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ܫ = ௢݁ܫ ೜ೇ೙ೖ೅ ቀ1 − ݁ష೜ೇೖ೅ ቁ  (1) 

where V is the applied bias across the junction, q is the electronic charge (1.6×10-19 C), k is 

the Boltzmann’s constant (1.38×10-23 J/K) and T is the absolute temperature in Kelvin and Io 

is the reverse saturation current ensuing from the straight line intercept of the ln(I) vs. V plot 

at V = 0. Io can be expressed by the Richardson-Dushman equation as: ܫ௢ = ଶ݁ష೜ɸ್ೖ೅ܶ∗ܣܣ              (2) 

where, A is the contact surface area, A* is the Richardson constant, ɸ௕  is the zero bias 

effective barrier height and n is the ideality factor or quality factor which is a measure of 

conformity with ideal diode behavior. n can be experimentally determined from the slope of 

the ln(I) vs. V characteristics given by 

      ݊ = ௤௞் ቀ ௗ௏ௗ(୪୬ ூ)ቁ            (3) 

 

 

Fig. 3. (a) ln(I) vs. V plot of Al/Ge Schottky contact at various temperatures. (b) Temperature dependent 

ideality factor (n).  



 

The equation (1) can be converted to a linear form 

݈݊ ቌ
Eq. 4 is used to fit the obtained temperature dependent I

shown in Fig. 3(a) that shows good linear characteristics in the reverse biased region. 

inverse of the slopes of these lines, dV/d[

factor (n) using Eq. 3. Values of n are found to be sufficiently close to ideal values (1.0 to 

1.1) as conformity to the ideal diode behavior.

increase in temperature due to rise in reverse

generated minority carriers [Fig. 3(b)].

 

Fig. 4. (a) Richardson plot at zero bias 
form of diode current, (b) Temperature dependent Schottky barrier potential Φ

voltages at various temperatures in the current

pristine Ge crystal in the temperature range 77

The reverse saturation current (I

line plot obtained using Eq. 4 for all measured temperatures. Taking natural logarithm of 
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The equation (1) can be converted to a linear form  

ቌ ூቈଵି௘ష೜ೇೖ೅ ቉ቍ = (௢ܫ)݈݊ ൅ ௤௏௡௞்            (4) 

Eq. 4 is used to fit the obtained temperature dependent I-V data of the Al/Ge contact as 

shown in Fig. 3(a) that shows good linear characteristics in the reverse biased region. 

inverse of the slopes of these lines, dV/d[ln{I/(1-e-qV/kT)}] were used to calculate the ideality 

) using Eq. 3. Values of n are found to be sufficiently close to ideal values (1.0 to 

as conformity to the ideal diode behavior. Ideality factor steadily increases with the 

increase in temperature due to rise in reverse saturation current contributed by thermally 

generated minority carriers [Fig. 3(b)]. 

Fig. 4. (a) Richardson plot at zero bias with reverse saturation current (I0) calculated from the linear 
(b) Temperature dependent Schottky barrier potential Φb (eV), (c) Zero current 

voltages at various temperatures in the current-voltage characteristics, (d) Net carrier concentration of 

l in the temperature range 77-300K. 

saturation current (Io) can be calculated from the y-intercept of straight 

line plot obtained using Eq. 4 for all measured temperatures. Taking natural logarithm of 

V data of the Al/Ge contact as 

shown in Fig. 3(a) that shows good linear characteristics in the reverse biased region. The 

calculate the ideality 

) using Eq. 3. Values of n are found to be sufficiently close to ideal values (1.0 to 

Ideality factor steadily increases with the 

saturation current contributed by thermally 

 

) calculated from the linear 
(eV), (c) Zero current 

voltage characteristics, (d) Net carrier concentration of 

intercept of straight 

line plot obtained using Eq. 4 for all measured temperatures. Taking natural logarithm of 



8 
 

Richardson-Dushman equation 2, values of Io can be further used to draw a zero bias 

Richardson plot [ln(Io/T2) vs q/kT] as shown in Fig. 4(a). Richardson plot is linear in the 

intrinsic temperature range of Ge under consideration (180-300K) where electrical 

conduction is dominated by thermally generated carriers. In the extrinsic region (80K –180K, 

q/kT > 80) thermal generation of carriers is unlikely and the plot shows deviation from the 

linear dependence as the impurity driven electrical conduction is majorly independent of 

temperature. The y-intercept of the linear part of the Richardson plot ln(AA*) is determined 

experimentally as shown in Fig. 4(a). The value of lnAA* was found to be -20.92 and the 

Richardson-Dushman equation is directly used to calculate the temperature dependent barrier 

height, Φb with known values of AA* and Io(T). 

As shown in Fig. 4(b), Φb increases linearly with temperature (co-efficient 0.00124 

eV/K) in the extrinsic p-region followed by stable higher values (0.14 eV - 0.16 eV) in the 

intrinsic n-region. Metal/Ge Schottky contact is reported to exhibit strong Fermi level pinning 

effect around the charge neutrality level (CNL) of Ge. In that case Schottky barrier height can 

be expressed by ɸ௕ = S(ɸ௠-ɸ஼ே௅) + (ɸ஼ே௅ – χS) where S is dɸ௕/݀ɸ௠ is the pinning factor and 

χS and ɸ஼ே௅  are the semiconductor electron affinity and the charge neutrality level, 

respectively, measured from the vacuum level. In case of maximum pinning (S=0), ɸ௕  = 

(ɸ஼ே௅ – χS) is determined mainly by the position of the CNL. The CNL of surface states is the 

position for the Fermi level which renders the surface without a net charge. When the Fermi 

level is above the CNL, the surface is negatively charged and vice versa. For a charge neutral 

Ge surface, current through Al/Ge should be zero at zero applied voltage. Any shift from the 

zero voltage to reverse the current direction reflects deviation from the surface charge 

neutrality. The position of CNL can be experimentally found out from the I-V curves 

showing negative currents at finite positive voltages and changes its direction with non-zero 

applied bias in case of p-type Ge (Fig. 2). With the increase in temperature the required 

voltage for current reversal gradually decreases and becomes zero for n-type Ge as plotted in 

Fig. 4(c). Thus CNL matches with the Fermi level for n-type Ge and ɸ஼ே௅≈ ɸௌ [Fig. 5 (b)]. 

For p-type Ge, surface is positively charged, Fermi level is below CNL and  ɸ஼ே௅  as 

measured from the vacuum level is lower than ɸௌ [Figure 5(d)]. As shown in Fig. 4(c), 



 

Figure 5: Band diagram of Schottky barrier before

type Ge.  

CNL reduces (ɸ஼ே௅ increases) 

temperatures in p-type Ge. Thus, f

– χS) [S=0] follows ɸ஼ே௅which is opposite to that observed for CNL. It should be mentioned 

that CNL holds a linear relation with the impurity co

shown in Fig. 4 (d), the impurity concentration of Ge used here gradually increases 

temperature from 5x109/cm3 

180K. The variation of ɸ௕
concentration. For n-type Ge,

as there is minor variation in 

thermal generation from Ge lattice.

matches with that calculated  ɸௌ ൎ  ɸ௠ (4.2 eV) and χS (4.0 eV). 

[S=0] = 0.05 eV is similar to that 

n-Ge, CNL ≈ 0 eV and  ɸ௕ attains a stable value around 0.2 eV. 

factors close to the theoretically predicted values are obtained mainly due to the purest form 

of the Ge (~1010/cm3) employed in this investigation and rarely reported in the literature
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of Schottky barrier before [(a), (c)] and after [(b), (d)] the contact for n and p

increases) and approaches towards Fermi level with the increase of 

Thus, for a fixed value of χS, temperature dependence of

which is opposite to that observed for CNL. It should be mentioned 

holds a linear relation with the impurity concentration of a semiconductor [

shown in Fig. 4 (d), the impurity concentration of Ge used here gradually increases 

 (at 80K) to ~1014/cm3 (at 300K) showing 

௕  with temperature follows similar trend of net impurity 

type Ge, ɸ௕ attains higher value and slowly increases with temperature 

 ɸ஼ே௅ and the rise in net carrier concentration is mainly due to 

thermal generation from Ge lattice. The values of ɸ௕ obtained from Richardson plot 

matches with that calculated from the experimentally observed CNL and standard values

(4.0 eV). For CNL values ~0.15 eV (at 90K), ɸ

similar to that determined from the Richardson plot (~0.06eV)

attains a stable value around 0.2 eV. Barrier height and ideality 

the theoretically predicted values are obtained mainly due to the purest form 

) employed in this investigation and rarely reported in the literature

 

the contact for n and p-

and approaches towards Fermi level with the increase of 

temperature dependence of ɸ௕=(ɸ஼ே௅ 

which is opposite to that observed for CNL. It should be mentioned 

of a semiconductor [33]. As 

shown in Fig. 4 (d), the impurity concentration of Ge used here gradually increases with 

 p-n transition near 

with temperature follows similar trend of net impurity 

attains higher value and slowly increases with temperature 

carrier concentration is mainly due to 

obtained from Richardson plot also 

and standard values of 

ɸ௕=(ɸ௠ - CNL– χS) 

(~0.06eV).  In case of 

Barrier height and ideality 

the theoretically predicted values are obtained mainly due to the purest form 

) employed in this investigation and rarely reported in the literature [8].  



 

Fig. 6. (a) Richardson plots at various 

the slope of the voltage dependent Richardson plot

Voltage dependent activation energy

regions can be determined from the Richardson plot at various 

Richardson-Dushman equation for any fixed bias voltage can be written as:݈݊ ቀூ(௏்మ
The Ln(I/T2) vs q/kT plot for various forward bias voltages show

[Fig. 6(a)]. Activation energies

Richardson plot are shown in 

meV to 160 meV and decreases with the increase in applied biases

report [34]. In case of q/kT >70 (

obtained except for forward voltages 

Nearly zero values of V0 observed in p

band bending.  
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Richardson plots at various forward bias voltages. (b) Activation energy as determined from 

ltage dependent Richardson plot. 

activation energy for both extrinsic (p-type) and intrinsic (n

from the Richardson plot at various forward 

Dushman equation for any fixed bias voltage can be written as:ቀ (௏)మ ቁ = (∗ܣܣ)݈݊ − ௤ః್(௏)௞்   (5) 

) vs q/kT plot for various forward bias voltages show two distinct linear regions 

ies (V0) determined from the slope of the voltage dependent 

shown in Fig. 6(b).  For q/kT <70 (intrinsic n-type) 

meV to 160 meV and decreases with the increase in applied biases in line with the previous 

q/kT >70 (extrinsic p-type) low values of activation energies are 

forward voltages lower than CNL that give rise to negative current

observed in p-type Ge indicates  ɸௌ ൎ  ɸ௠[Fig. 5(d)] and negligible

Activation energy as determined from 

type) and intrinsic (n-type) 

forward bias voltages [31]. 

Dushman equation for any fixed bias voltage can be written as: 

two distinct linear regions 

determined from the slope of the voltage dependent 

type) V0 varies from 80 

in line with the previous 

type) low values of activation energies are 

give rise to negative current. 

[Fig. 5(d)] and negligible 
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Fig. 7. Variation of Al impurity concentration and sheet resistance along the depth of Al-Ge regrown 

layer from its top surface.  

3.2 Characteristics of Al-Ge regrown contact on Ge 

Heat treatment of metal/germanium contact during or after deposition significantly 

changes the barrier height and current voltage characteristics [18,35]. Germanium is likely to 

form alloy with the metal that creates an interfacial layer. One more possibility is exchange of 

atoms and regrowth of metal doped epitaxial layer at the interface. In our previous work, a 

process for fabrication of heavily doped p type contact based on solid-state re-growth of Al 

on Ge is established [36]. Al/Ge Schottky contact is annealed at 350oC followed by slow 

cooling to regrow Al doped p-type Ge on to the p-type Ge crystal. Net carrier concentration 

and sheet resistance along the depth of the regrown layer has been measured and plotted in 

Fig. 7. Al impurity concentration (sheet resistance) decreases (increases) exponentially from 

the top surface and essentially form Al-Ge (highly doped)/Ge junction showing continuous 

variation in Al impurity concentration. The I-V characteristic of such type of contact shows 

broadly non-rectifying characteristics ruling out the presence of abrupt metal/semiconductor 

interface (Fig. 8). Only within a narrow range of temperature (180-260K), the I-V curves 

show dissimilar current in the forward and reverse characteristic indicating a diode like 

behavior. The variation in I-V characteristics with temperature can be understood in terms of 

the type of conductivity of the regrown Al-Ge layer and the Ge crystal underneath at a 

particular temperature. 
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Fig. 8. Semi-logarithmic I-V plot at various temperature of Al-Ge/Ge contact by obtained by thermally 

induced regrowth of  Al/Ge at 350oC. 

Temperature dependent Hall co-efficients have been measured along the depth of Al 

doped Ge regrown layer. Surfaces at different depth from the top surface have been exposed 

by successive chemical mechanical polishing [36]. Nominally doped Ge is found to exhibit 

extrinsic p-type to intrinsic n-type transition at certain temperature depending on the impurity 

concentration of the crystal [13]. For undoped Ge, the transition from p to n type conductivity 

occurs around 180 K [Fig. 9(a)]. The Al doped Ge also exhibits similar type transition in 

conductivity at higher temperatures depending on Al impurity concentration. For a measured 

Al concentration (~1011/cm3) at the depth of around 150 nm (bottom layer) from the top 

surface, the regrown layer shows p to n type transition at 220K. Therefore, three different 

combinations of conductivities in Al doped Ge/Ge junction is created within the temperature 

range from 80 to 300K as shown in Fig. 9(a). Below 180K, both Al doped Ge and Ge crystal 

are p-type and p+/p type junction is formed. Above 250K, both Ge and Al doped Ge are n-

type in nature and formation of n+/n junction can be seen. Within the temperature range 180 

to 250 K, Ge crystal is n-type but Al doped Ge is p-type resulting p+/n type junction. The 

nature of I-V characteristics clearly follows the change in properties of the junction due to 

difference in conductivity of material combination at various temperatures. The rectification 

ratio (ratio of forward and reverse current) is calculated from the I-V curves at various 

temperatures and plotted in Fig. 9(b) that shows distinct behaviors for three different types of 

junctions described above. No rectification is seen in the range of 80 to 180K, the p+/p region 

where the I-V characteristics are mostly Ohmic in nature.  In the temperature range 180-  

 



 

Fig. 9. (a) Temperature dependent Hall co
Ge (100) crystal. (b) Rectification 

current at 0.1V as a function of temperature

260K, I-V curves exhibit diode behavior with high degree of rectification due to the 

formation of p-n junction. Rectification ratio 

observed in the temperature range 260

should be mentioned that no barrier is formed in case of 

transport is primarily diffusion controlled from higher to lower concentration.

 

4. Conclusions 

Al/Ge Schottky barrier diode has been fabricated and temperature dependent barrier 

parameters are analyzed from the I

study produces ideal Schottky contact with Al 

factor close to the theoretically predicted values. Temperature dependence of Al/Ge Schottky 

barrier height has been explained on the basis of charge neutrality level of Ge in both 

extrinsic (p-type) and intrinsic

13 

 
(a) Temperature dependent Hall co-efficient at the bottom of the regrown Al-

Rectification ratio of Al-Ge/Ge contact calculated from the forward and reverse 

at 0.1V as a function of temperature. 

curves exhibit diode behavior with high degree of rectification due to the 

ectification ratio again reduces and linear I-V characteristics are 

observed in the temperature range 260-300K where n+/n type of junction has been forme

no barrier is formed in case of p+/p or n+/n junction

transport is primarily diffusion controlled from higher to lower concentration.

Al/Ge Schottky barrier diode has been fabricated and temperature dependent barrier 

parameters are analyzed from the I-V characteristics.  High purity germanium used in this 

study produces ideal Schottky contact with Al showing barrier potential 

theoretically predicted values. Temperature dependence of Al/Ge Schottky 

barrier height has been explained on the basis of charge neutrality level of Ge in both 

type) and intrinsic (n-type) regions. Shottky diode performance 

-Ge layer and pristine 
from the forward and reverse 

curves exhibit diode behavior with high degree of rectification due to the 

V characteristics are 

has been formed. It 

p+/p or n+/n junctions and carrier 

transport is primarily diffusion controlled from higher to lower concentration. 

Al/Ge Schottky barrier diode has been fabricated and temperature dependent barrier 

V characteristics.  High purity germanium used in this 

potential as well as ideality 

theoretically predicted values. Temperature dependence of Al/Ge Schottky 

barrier height has been explained on the basis of charge neutrality level of Ge in both 

erformance cease to exist for 
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heat treated Al/Ge contact due to regrowth of Al doped Ge layer at the interface that shows 

smooth variation of Al impurity concentration along the depth. I-V characteristics of such 

junction exhibits linear behavior in the temperature range where both Al doped Ge and Ge 

crystal underneath have similar type of conductivities. Within a narrow range of temperature, 

Al doped Ge is p-type but Ge crystal shows n-type conductivity and the junction exhibits 

diode type of behavior with high degree of rectification.  
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