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ABSTRACT 

 
The carrier lifetimes in screen-printed Al-p+ regions 

are shown to be 3 orders of magnitude larger than the val-
ues expected from the extrapolation of the lifetime data 
measured on Al-doped Czochralski-grown silicon wafers. 
Device simulations show that the lifetime of 130 ns meas-
ured in Al-p+ regions enable open-circuit voltages of 670 
mV and efficiencies of 21% on n-type silicon wafers. 
These results prove that the efficiency potential of screen-
printed Al-p+ emitters for the application to rear-junction n-
type cells is much higher than traditionally assumed. 

 
 
 

INTRODUCTION 
 

Very low carrier lifetimes are typically measured in Al-
doped Czochralski-grown silicon (Cz-Si) wafers. The low 
lifetimes have been attributed to a very recombination-
active defect complex composed of aluminum and oxygen 
[1]. The defect properties of this Al-O complex were re-
cently determined using temperature- and injection-
dependent lifetime spectroscopy (TIDLS) in combination 
with deep-level transient spectroscopy (DLTS) [2,3]. The 
dependence of the low-injection lifetime τn in Al-doped (p-
type) Cz-Si as a function of the Al doping concentration 
Ndop has, however, not been reported so far. Figure 1 
shows the inverse lifetime 1/τn as a function of doping 
concentration Ndop measured on Al-doped Cz-Si wafers of 
different doping concentrations (red circles). The inverse 
lifetime 1/τn, which is directly proportional to the concentra-
tion of the Al-O complex, increases with Ndop

1.5. Extrapolat-
ing this dependence to a doping concentration of Ndop = 
2×1018 cm-3, which is typical for screen-printed Al-p+ re-
gions (used as back surface field in p-type cells and as p+ 
rear emitter in n-type cells [4]), a lifetime of τn = 100 ps is 
obtained, which corresponds to an extremely low minority-
carrier diffusion length of only Ln = 0.3 µm within the Al-p+ 
region. According to Fig. 7, a lifetime of only 100 ps in the 
Al-p+ emitter of an n-type cell (as shown in Fig. 6) limits 
the open-circuit voltage Voc of the cell to a value below 580 
mV ! This value is well below the Voc of 649 mV, which we 
have already experimentally realized [5], suggesting that 
the lifetime in the screen-printed Al-p+ emitter is much lar-
ger than expected from the extrapolation of the lifetime 
data measured on Al-doped Cz-Si.       

Fig. 1. Inverse lifetime 1/τn as a function of doping concen-
tration Ndop measured on Al-doped Cz-Si wafers of differ-
ent doping concentrations (red circles). The line shows the 
fit of a power law to the measured data.-. 

 
 

SCREEN-PRINTED Al-p+ EMITTERS 
 
In order to verify the latter hypothesis, we have devel-

oped the test device shown in Fig. 2. The main idea is to 
diffuse an n++ emitter into the screen-printed Al-p+ region 
and evaluate the internal quantum efficiency of the n++/Al-
p+ device. As substrate we use a 250 µm thick n-type 
float-zone silicon wafer with a low doping concentration of 
4.5x1014 cm-3. Figure 3 shows the doping profile of the test 
device after phosphorus diffusion of the n++ emitter, meas-
ured using the electrochemical capacitance voltage (ECV) 
technique. The Al-p+ region has a thickness of W = 6 µm 
after removing the remaining aluminum paste from the 
surface and etching off about 2 µm of silicon. The sheet 
resistance of the Al-p+ region after etching is ~70 Ω/sq. 
Note that due to the temperature dependence of the solid 
state solubility of aluminum in silicon, there is a doping 
gradient within the Al-p+ region leading to the formation of 
an advantageous electric field, which has to be taken into 
account in the device simulations below. The largest Al 
doping concentration of 4x1018 cm-3 is measured at the in-
terface with the n-type substrate, whereas the lowest con-
centration of 1.7x1018 cm-3 is obtained at the surface. The 



 

 

n++ emitter at the front surface of the test device has a 
depth of 300 nm and a surface doping concentration of 
2x1020 cm-3, easily overcompensating the Al doping con-
centration of 1.7x1018 cm-3. The resulting sheet resistance 
of the n++ emitter is 60-80 Ω/sq.  
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Fig. 2. (a) Cross-sectional view and (b) top view of the test 
device developed to determine the lifetime in the screen-
printed Al-p+ region from measurements of the internal 
quantum efficiency. 
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Fig. 3. Doping profile of the n++/Al-p+ junction measured by 
the ECV technique. 

 

Fig. 4. Measured internal quantum efficiency IQE as a 
function of wavelength λ (symbols) of the test device 
shown in Fig. 2. The lines are PC1D simulations for differ-
ent SRH lifetimes τAlp+ in the Al-p+ region.   
 

 
Figure 4 shows the measured internal quantum effi-

ciency IQE as a function of wavelength λ (symbols). The 
lines are calculated using PC1D by varying the Shockley-
Read-Hall (SRH) lifetime in the Al-p+ region τAlp+. In order 
to include the impact of the electric field in the Al-p+ re-
gion, which amounts to ~2.7 kV/m [6], we implement the 
measured Al doping profile into the PC1D simulations. 
Also the doping profile of the n++ region is taken into ac-
count using the ECV-measured profile. For the n-type 
float-zone silicon substrate we assume that the lifetime is 
limited only by Auger and radiative recombination, i.e. we 
assume a bulk lifetime τb of  37 ms. The rear surface of 
the substrate wafer is passivated by a plasma-enhanced-
chemical-vapor-deposited silicon nitride (SiNx) film. For the 
surface recombination velocity at the device rear Srear a 
value of 13 cm/s is used, which has been determined from 
lifetime measurements on a separate n-type float-zone 
silicon wafer of the same doping concentration.  

 
The measured IQE(λ) curve (symbols in Fig. 4) shows 

a “shoulder” in the wavelength range between 800 and 
1100 nm, which is also well reproduced by the PC1D 
simulation. This shoulder is due to excess electrons gen-
erated in the n-type substrate, which are injected from the 
substrate into the Al-p+ region and hence contribute to the 
measured short-circuit current. To verify this we have var-
ied the bulk lifetime in the substrate in our simulation and 
found a strong decrease in the quantum efficiency for de-
creasing substrate bulk lifetime in the wavelength range 
between 800 and 1100 nm corresponding to an absorption 
depth above 10 µm in silicon. On the other hand, for wave-
lengths below 600 nm (absorption depth < 2.5 µm) the IQE 
is completely independent of the substrate properties and 
depends only on the Al-p+ recombination properties.    

 
 

Wavelength λ [nm]

400 600 800 1000 1200

In
te

rn
al

 Q
ua

nt
um

 E
ffi

ci
en

cy
 IQ

E 
[%

]

0

20

40

60

80

τAl-p+= 5 ns

τAl-p+= 30 ns

τAl-p+= 130 ns

τAl-p+= 1000 ns



 

 

n-SiAl-p+

n++ n++

n+

passivation layer
n-SiAl-p+

n++ n++

n+

passivation layer

 
As can be seen by comparing the simulated curves 

(lines) in Fig. 4 with the measured IQE data (symbols), ex-
periment and simulation agree best for a SRH lifetime in 
the Al-p+ region of τAlp+ = 130 ns. In addition to the SRH 
lifetime, Auger recombination has to be taken into account 
in the highly doped Al-p+ region. As a consequence of the 
depth-dependent Al doping concentration, this results in a 
depth-dependent total lifetime τAlp+.tot(x). For the maximum 
Al doping concentration of NAl(W) = 4x1018 cm-3, as it is 
measured at the interface of the Al-p+ region with the n-
type substrate at x=W, we determine a minimum total life-
time of τAlp+.tot(W) = 107 ns corresponding to a minority 
carrier diffusion length of 8 µm. At the interface of the Al-p+ 
region with the n++ emitter (i.e., x=0),  NAl(0) = 1.7x1018 
cm-3 and  τAlp+.tot(0) = 125 ns, which corresponds to a mi-
nority carrier diffusion length of 9.6 µm. Obviously the dif-
fusion length is much larger than the thickness of the Al-p+ 
region. As an additional advantage, due to the presence of 
the electric field in the Al-p+ region, there is a drift field 
pushing the electrons towards the n++ emitter. Note that 
the doping dependence of the band gap narrowing, which 
is also taken into account in our simulations, leads to a 
small reduction of the electric field in the Al-p+ region. The 
presence of the electric field in the Al-p+ region leads to an 
increase in the IQE, as can be seen from Fig. 5, demon-
strating the impact of the electric field as a consequence 
of the Al doping gradient. The green solid curve shows the 
simulated curve which best fits the experimental data in-
cluding the doping gradient. The blue curve was calculated 
using the same simulation parameters, but assuming a 
constant Al doping concentration of NAl = 3x1018 cm-3 
throughout the Al-p+ region. Obviously, the electric field 
leads to a pronounced increase in the IQE over the entire 
relevant wavelength range between 500 and 1000 nm.  
One may define an “effective” diffusion length in the Al-p+ 
region, which includes the positive effect of the doping 
gradient. This effective diffusion length exceeds the value 
of 10 µm for the screen-printed Al-p+ region investigated in 
this study. 

 
As discussed above, the best fit to the measured IQE 

data is obtained for a SRH lifetime of τAlp+= 130 ns, which 
is 3 orders of magnitude larger than the value estimated 
from extrapolating the Cz lifetime data shown in Fig. 1. We 
conclude that the lifetime-limiting Al-O complex does not 
form during the firing of the Al-p+ region. Much higher 
temperatures seem to be necessary to form the Al-O 
complex. To verify this hypothesis, we have exposed an 
Al-p+ lifetime test sample to a high-temperature oxidation 
at 1050°C. The high-temperature treatment resulted in a 
severe degradation of the lifetime in the Al-p+ emitter, as 
indicated by an increase of the emitter saturation current 
density J0e from 650 fA/cm2 before annealing to 1800 
fA/cm2 after annealing at 1050°C. Obviously, the applied 
temperature was sufficient to enable the formation of the 
Al-O complex within the Al-p+ emitter. On the other hand, 
we measured no increase in J0e for oxidation temperatures 
below 900°C, suggesting that the Al-O complex form at 
temperatures above ~900°C. 
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Fig. 5. Measured internal quantum efficiency IQE as a 
function of wavelength λ (symbols) of the test device 
shown in Fig. 2. The lines are PC1D simulations for a SRH 
lifetime of τAlp+ = 130 ns in the Al-p+ region. The green line 
is simulated including the ECV-measured Al doping gradi-
ent in the Al-p+ region, while the blue line is calculated as-
suming a constant Al doping concentration of NAl = 3x1018 
cm-3.   

 

EFFICIENCY LIMIT OF ALU+ n-TYPE CELLS 

 
Figure 6 shows a sketch of the simulated cell struc-

ture featuring a passivated Al-p+ rear emitter (the so-called 
ALU+ concept [7]). The n+ front surface field is assumed to 
be well passivated (Sfront = 1000 cm/s) and a deep n++ dif-
fusion is implemented under the metal contact gridlines. 
The rear is fully covered by a passivated Al-p+ emitter. The 
passivation layer is locally opened and the rear is fully 
metalized.  We assume a rear surface recombination ve-
locity of Srear = 800 cm/s, which has been experimentally 
realized in our lab for an amorphous silicon-passivated bo-
ron-diffused p+ emitter of comparable surface doping con-
centration (2×1018 cm-3) [8]. Note that only very recently 
even lower surface recombination velocities were 
achieved in our lab using Al2O3 as well as SiO2/SiNx di-
electric passivation layers on Al-p+ emitters [9]. 
 

 
Fig. 6. High-efficiency n-type silicon solar cell 
with passivated screen-printed Al-p+ rear emitter (‘ALU+ 
cell’) [7].    
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Fig. 7. Simulated efficiency η and open-circuit voltage Voc 
as a function of the lifetime τAlp+ in the Al-p+ emitter for the 
ALU+ cell shown in Fig. 6 [PC1D simulation parameters: 
cell thickness 200 µm, series resistance Rs = 0.5 Ωcm2,  3-
Ωcm n-type silicon base, base lifetime τb = 3 ms, 3 µm 
thick Al-p+ rear emitter, rear surface recombination velocity 
Srear = 800 cm/s, 100 Ω/sq n+ front surface field, Sfront = 
1000 cm/s]. 
 

 
Figure 7 shows the simulated efficiency η and open-

circuit voltage Voc as a function of the SRH lifetime τAlp+ in 
the Al-p+ emitter for the ALU+ cell shown in Fig. 6. For the 
measured lifetime of τAlp+=130 ns an efficiency η of 21% 
and a Voc of 670 mV become feasible using a screen-
printed Al-p+ rear emitter.  

 
 

CONCLUSIONS 
 
Our experimental results suggest that the Al-O com-

plex limiting the lifetime in Al-doped Cz-Si does form at 
very high temperatures (>900°C) during the cooling of the 
Cz ingot. The conditions during firing of an Aluminum 
paste (a few seconds at a peak temperature < 900°C) do 
not lead to the formation of the Al-O complex. Hence, the 
lifetimes in screen-printed Al-p+ regions are found to be 3 
orders of magnitude larger than the values expected from 
the extrapolation of the lifetime data measured on Al-
doped Cz-Si wafers. Simulations show that the SRH life-
times of 130 ns in Al-p+ regions determined in the present 
study enable open-circuit voltages of 670 mV and effi-
ciencies of 21% on n-type silicon wafers. These results 
prove that the realistic potential of screen-printed Al-p+ 
emitters for the application to high-efficiency n-type cells is 
much higher than traditionally assumed. 
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