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Abstract -In this work, we explore magnesium oxide 

(MgO) as electron-selective contact layer in silicon 

heterojunction solar cells. We report on the successful 

deposition of MgO layers by atomic layer deposition 

(ALD) at low temperatures ≤200 °C using 

Bis(ethylcyclopentadienyl)magnesium (Mg(CpEt)2 

and H2O as precursors. Depositions were carried out 

on bare c-Si wafers and c-Si wafers with an intrinsic 

amorphous hydrogenated silicon (i-aSi:H) passivation 

layer. The resulting interfacial properties, surface 

passivation quality and contact resistivity were 

investigated. Upon initial deposition of MgO on an 

i-aSi:H/c-Si stack, the c-Si surface passivation degrades 

drastically. However, with an additional annealing step 

of 5 minutes at 200-250 °C it is possible to reverse the 

degradation and even to achieve charge carrier 

lifetimes in excess of those achieved with an i-aSi:H 

alone. Furthermore, we show that MgO forms an 

Ohmic contact with both MgO/i-aSi:H/c-Si and 

MgO/c-Si stacks, and we demonstrate solar cells using 

both types of stacks as electron contact layers. 

 
Index terms-Atomic layer deposition, electron 

selective contact, magnesium oxide, crystalline silicon 

solar cells, passivation. 

I. INTRODUCTION 

In the development of crystalline silicon (c-Si) 

solar cells, nanolayer engineering for surface 

passivation and selective carrier extraction has 

become an increasingly important topic. For 

homojunction cells, which have carrier-selective 

contacts based on highly p- and n-doped Si regions, 

the implementation of surface passivation schemes 

has been pivotal in achieving higher efficiencies. A 

prime example is the introduction of Al2O3-based 

passivation layers at the rear side of the wafer, i.e. in 

PERC cells, which is now becoming the industrial 

standard[1]. For silicon solar cells based on 

heterojunctions, thin films not only provide surface 

passivation, but should also allow for selective 

extraction of carriers. A conventional heterojunction 

approach involves the deposition of an intrinsic 

hydrogenated amorphous silicon (a-Si:H) 

passivation layer, followed by a n- or p-doped a-Si:H 

layer for carrier selectivity. More recently, also 

carrier-selective contacts based on a passivating 

ultrathin (~1.5 nm) SiO2 layer followed by an n- or 

p- doped poly-Si layer have been shown to yield 

excellent solar cell performance[2]. Besides these 

heterojunctions based on doped silicon layers, there 

has also been an increasing interest in dopant-free 

metal oxide layers. Rather than on doping, these 

layers rely on asymmetric band valence- and 

conduction band offsets at the oxide/c-Si interface to 

achieve carrier selectivity, which is often 

accompanied by an additional induced band bending 

[3], [4]. This approach can have some potential 

benefits, such as enhanced transparency, no need for 

dopants, and additionally ease-of-processing as 

some of these selective layers do not require a 

dedicated passivation layer. Although the dopant-

free approaches do not yet reach the >25 % 

efficiency level of the doped silicon layers[5], solar 

cell with metal oxide layers have in a span of a few 

years already demonstrated efficiencies in excess of 

22 %[6]. Also more and more carrier-selective 

materials based on metal oxides (TiO2[6], Nb2O5[7], 

MO3[8]), metal nitrides (TaN[9]) and metal fluorides 

(LiF[10]) are being developed for device 

applications. Further optimization and also further 

exploration of novel carrier-selective contacts 

therefore remains of importance to chart the 

potential of this dopant-free approach. One of the 

possible candidates to consider is magnesium oxide 

(MgO). Magnesium oxide has a work function of 

4.2 eV[11], which makes it a suitable material for the 

electron contact in c-Si based devices[3]. Recently, 

the successful implementation of MgO thin layers as 

stand-alone passivation and electron transport layers 

for n-type c-Si wafers[8], [12], [13], and in 

combination with aluminum oxide (AlxMg1-xOy) as 
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passivation layer for p-type c-Si wafers[14] have 

been shown. Devices with 1-2 nm thin MgO 

electron-selective contacts, prepared by e-beam or 

thermal evaporation, have been reported. These 

devices showed moderate improvement of the 

passivation with  MgO layer, however had a good 

contact resistance in the range of 18-40 mΩcm2 for 

a MgO thickness of ~1 nm. The main issue with 

implementing MgO layers is a trade-off between 

passivation and contact resistance: By increasing the 

MgO layer thickness it is possible to achieve higher 

passivation quality, but at the same time the contact 

resistance increases drastically, due to the insulating 

nature of the MgO layers. Therefore, an optimal 

thickness has to be established.  

Additionally, in common deposition techniques 

such as chemical beam deposition[15], metal-

organic chemical vapor deposition[16], [17] or 

chemical vapor deposition[18], the growth of MgO 

layers demands high deposition temperatures. In 

order to decrease the deposition temperature without 

sacrificing layer properties, atomic layer deposition 

(ALD) can be considered, which has the additional 

benefits of high uniformity, the possibility to control 

the layer thickness at the monolayer scale and is 

widely used in industry. However, most ALD 

precursors for MgO have a working temperature 

window above 200°C[19], [20]. Such deposition 

temperatures can be considered for direct c-Si wafer 

passivation, but they are incompatible with i-aSi:H 

passivation layers due to their limited thermal 

stability. However, for a process with lower 

temperature requirements, it would become possible 

to consider magnesium oxide not only as a stand-

alone passivation layer, but as part of the passivation 

stack in silicon hetero-junction solar cells, 

combining i-aSi:H and MgO layers into a 

passivation/electron transport layer stack.  

To this end, we investigate MgO layers produced 

with a water-based ALD process using 

Bis(ethylcyclopentadienyl)magnesium 

(Mg(CpEt)2). This precursor was shown to be a 

suitable precursor for the growth of high quality 

MgO layers in the deposition temperature range 

125-200 °C, and it can be used in ALD using water 

as oxidizing agent [21]. We investigate such an ALD 

process for MgO thin film deposition, with a focus 

on obtaining well-passivated interfaces for 

MgO/c-Si and MgO/i-aSi:H layer stacks. We 

evaluate the surface passivation and electrical 

contact performance of these stacks in order to assess 

their potential as electron-selective contacts in c-Si 

based devices. Additionally, X-ray photoelectron 

spectroscopy (XPS) measurements were conducted 

in order to obtain information about the chemical 

state of the investigated MgO layers, and about the 

dependence of the layer composition on deposition 

temperature and post-deposition annealing 

treatment. Finally, as a proof of concept, solar cell 

devices implementing these ALD MgO layers as 

electron-selective contacts are presented. 

II. EXPERIMENTAL METHODS 

MgO films were deposited by thermal ALD in an 

Arradiance GEMStar XT 6-8 ALD reactor. 

Mg(CpEt)2 was used as precursor, which was held at 

a temperature of 80 °C. N2 as carrier gas and water 

as reactant were used. The ALD cycle consisted of a 

1 second pulse of Mg(CpEt)2, 10 seconds of first 

purge step with N2, a 750 ms pulse of water, and 10 

seconds second purge with N2. The deposition 

temperature was varied in the range of 125-200 °C. 

In this temperature range, no notable changes in the 

growth per cycle were observed. Therefore, this 

temperature range can be considered as a suitable 

temperature window for the ALD process. The 

standard deposition temperature was fixed at 150 °C. 

For the MgO/c-Si and MgO/i-aSi:H interface 

investigation, polished n-type c-Si wafers, float 

zone, with <100> surface orientation, a resistivity of 

~1-3 Ω cm, and 280 μm thickness were used. Prior 

to deposition, wafers were cleaned with the standard 

RCA process[22] and  afterwards dipped in 1% HF 

for 2 minutes in order to remove the wet-chemical 

oxide grown at the surface. To investigate the c-Si 

surface passivation by MgO/i-aSi:H stacks, 5 nm 

i-aSi:H layers were deposited using plasma 

enhanced chemical vapor deposition (PECVD) prior 

to the ALD deposition of the MgO layer. Deposition 

parameters for i-aSi:H layers were: flow rates of 13 

sccm silane (SiH4) and 7 sccm H2, plasma excitation 

frequency of 13.56 Mhz, power density of 

45 mW/cm2, and a deposition temperature of 185 °C. 

Afterwards, the i-aSi:H layers were annealed for 20 

minutes at 200 °C in N2 atmosphere in order to 

improve the passivation quality and to exclude 

additional annealing effects for the interface during 

the MgO layer deposition at elevated temperatures 

and/or further post-deposition annealing steps. 

To assess minority carrier lifetimes, transient 

photoconductance decay (TRPCD) and quasi-

steady-state photo conductance (QSSPC) 

measurements were conducted on a Sinton 

Consulting WCT-100 set-up. Investigated samples 

had symmetrical layer stacks on both sides of the 

wafer.  Minority carrier lifetime data was extracted 

at an injection level of 1015 cm-3. The full lifetime vs. 

injection level data sets, (p), were further analyzed 

using a semi-analytical simulation model in order to 

separate the influence of field-effect passivation 

from defect passivation for the investigated layer 

stacks. This was done by fitting with the semi-

analytical lifetime model to the measured (p), 

using the effective fixed charge Qi and concentration 

of interfacial defects Dit as fit parameters. Depending 

on features of the lifetime curve, it is possible to 

discern between Dit and Qi. Dit shifts the curve 



upwards or downwards, while maintaining the shape 

of the curve. At the same time, changes in fixed 

charge density have a strong impact on the curve 

shape, influencing carrier lifetimes mostly at low p 

since field effect passivation (due to high Qi) is only 

effective in low injection. The biggest ambiguity is 

the sign of the curve. For Qi<1012 cm-2, it is possible 

to deduce the sign from the curve shape itself. For 

higher charges, additional SPV measurements were 

used to determine the sign of the charge, and the 

lifetime fit was then initialized with a high charge of 

the appropriate sign. See [23], [24] for details. 

Contact resistivity measurements were performed 

using the Cox and Strack method [25] using the same 

substrate c-Si wafers. At the front side, MgO layers 

of varied thickness were deposited on top c-Si, or 

i:aSi:H/c-Si layer stack.  Afterwards, on top of the 

MgO layer, 2 μm thick circular aluminum contact 

dots (diameter 0.2-2 cm) were thermally evaporated 

through a shadow mask using a Creavac 3000 

evaporator. On the rear side of the structure a 10 nm 

titanium/500 nm silver metal stack was thermally 

evaporated. This yields an Ohmic contact to the c-Si 

wafer and is assumed to contribute negligibly to the 

total resistance of the sample.  

Film thicknesses were extracted from 

spectroscopic ellipsometry measurements using a 

Sentech SE850 UV-Vis ellipsometer (wavelength 

range 190-850 nm), using a Cauchy model for the 

MgO layers and a Tauc-Lorentz model for i-aSi:H 

layers.  

XPS measurements were performed in an ultra-

high vacuum (UHV) system with a base pressure in 

the range of 5x10-9 mbar, using non-

monochromatized Mg Kα excitation and a 

ScientaOmicron Argus Cu electron analyzer. 

Samples were transported without breaking vacuum 

from the deposition tool to the XPS system through 

N2 gloveboxes, and were annealed in-system at 

200 °C. The analysis of XPS core level spectra was 

done using the software fityk[26]. Spectra were 

fitted using Voigt profiles with coupled Gaussian 

and Lorentzian line widths for the core level peaks, 

and a linear background was included. The change 

in the elemental composition was calculated, after 

subtraction of the fitted background, from the fitted 

peak areas relative to the total area of the main peaks 

(i.e. carbon 1s, oxygen 1s, magnesium 2p and silicon 

2p).  

Additionally, as a proof of concept solar cells 

were produced on the same substrate c-Si polished 

wafers. Two types of solar cells structures were 

considered: They have different rear sides with 

either a direct c-Si/MgO contact or with an i-aSi:H 

buffer layer, i.e. an c-Si/i-aSi:H/MgO layer stack. 

Both type of layer stacks received 5 minutes 

annealing at 200 °C after the MgO layer deposition. 

For both cases the front side of the device was the 

same and consisted of 5 nm of i-aSi:H, 10 nm 

p-aSi:H and 80 nm of RF-sputtered ITO layers. ITO 

was deposited through a shadow mask to define a 

solar cell area of 1 cm2. For the reference cells the 

rear side stack was: 5 nm of i-aSi:H, 10 nm of n-

aSi:H, 80 nm of ITO.  After the sputtering step, 

samples were annealed for another 5 minutes at 200 

°C in order to remove sputter damage. Metallization 

was done by thermal evaporation. The front grid 

consisted of a metal stack of 10 nm titanium and 

1.5 µm silver and was defined by using a shadow 

mask. The rear side metallization consisted of a 

blanket layer of 1 µm aluminum; for the reference 

cells the rear side metallization consisted of a blanket 

layer of 10 nm titanium and 500 nm silver. 

III. RESULTS AND DISCUSSION 

A. Growth behaviour of MgO layers 

We begin by evaluating the growth behavior of 

ALD MgO layers on c-Si and i-aSi:H substrates, as 

shown in Fig. 1. For both cases a linear growth as 

well as a slight growth delay is observed: The linear 

fits cross the abscissa at around 4 cycles for the series 

on c-Si and at 7 cycles on a-Si:H. For the i-aSi:H 

substrate, this delay is possibly higher due to the 

surface passivation with silicon-hydrogen bonds, 

which hinders the nucleation of an MgO layer at the 

i-aSi:H surface during the first cycles of the 

deposition process[27], [28].  

 

 
Fig. 1. Film thickness of MgO layers grown on a HF- dipped 

c-Si wafers (black) and i-aSi:H layers on c-Si (red), as a function 
of ALD cycles. Deposition temperature was set at 150 °C.  

 

B. Passivation quality of MgO layers as a 

function of layer thickness 

We now proceed to an investigation of interface 

properties for the c-Si/MgO and i-aSi:H/MgO layer 

stacks. Samples with symmetrical layer stacks on 

both sides of the wafer were produced in order to 

investigate changes of the passivation quality in 

terms of minority carrier lifetime upon deposition of 

MgO layers.  
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Fig. 2. (a) Effective excess minority carrier lifetime at 1015 cm-3 injection level after MgO layer deposition at 150 °C for the HF-treated c-Si 

wafer and i-aSi:H/MgO layer stacks on c-Si, as a function of the annealing temperature. (b) Carrier lifetime at 1015 cm-3 injection level, modelled 

defect densities and effective charge, (c) implied fill factor and VOC for for i-aSi:H/MgO layer stacks on c-Si substrate, as a function of the 

number of ALD deposition cycles.  

  

We observe that with the direct deposition of a 

thin MgO layer on c-Si substrates, no passivation 

was achieved, neither in the as-deposited state nor 

after the annealing steps. However, for a thicker 

MgO layer, i.e. after 75 ALD cycles (dMgO ≈ 9.8 nm), 

as is seen in Fig. 2 a, changes in the passivation 

quality are observable. For the as-deposited stack no 

passivation is observed. However, after an annealing 

step of 5 minutes at 200-250 °C, a slight passivation 

effect, yielding a lifetime of around 150 μs, is 

present.  

A similar experiment was done with MgO 

deposited on i-aSi:H coated c-Si substrates. In this 

case, it was possible to observe significant changes 

in the effective lifetime with varying MgO thickness. 

In Fig. 2 b, the effective minority charge carrier 

lifetime for c-Si wafers coated with such layer stacks 

is shown as a function of the number of ALD cycles. 

Additionally implied FF and VOC for such stacks are 

presented in Fig 2 c. It can be seen that after the 

direct deposition of an MgO layer on top of i-aSi:H, 

there is a noticeable degradation of the lifetime and 

iVOC for all MgO layer thicknesses. 

Using fits of our minority carrier lifetime model, 

we find that this is caused by a drastic increase in 

c-Si interface defect density (middle panel in 

fig. 2 b).  

However, similar to the MgO/c-Si layer stack, a 

recovery of passivation and improvement beyond the 

initial level is observed after an annealing step at 

200 °C, with the maximum increase for the sample 

after 45 MgO ALD cycles, which corresponds to the 

sample with the lowest defect density. At the same 

time, the total effective charge is slightly increasing 
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with the number of deposition cycles. Therefore, we 

conclude that the main c-Si interface passivation 

mechanism is chemical passivation by the i-aSi:H 

film, which degrades upon MgO deposition. This 

degradation can be caused by defect generation in 

the a-Si:H during MgO deposition, by formation of 

a defective MgO/i-aSi:H interface, or by defects in 

the MgO layer itself. After the annealing step the 

degradation can be reversed: according to the 

lifetime fitting results, the defect density at the 

interface to the c-Si wafer then drops to levels below 

the initial ones (middle panel of Fig. 2b).  The 

existence of an optimal MgO layer thickness for the 

passivation is similar to results found for some other 

metal oxides, such as TiO2[29]. Furthermore, it is 

interesting to note that the fixed charge reverses its 

sign: While it is rather small and negative, 

~-1x1011/cm² after i-aSi:H deposition, it increases to 

> +5x1011/cm² after MgO deposition and anneal, for 

all MgO thicknesses except the thinnest (15 cycles). 

This indicates, that MgO/i-aSi:H stacks are indeed 

suitable as electron contact layers, since the positive 

fixed charge leads to a downwards band bending, i.e. 

an electrical field that attracts electrons to this 

contact. It is not fully clear why the fixed charge 

changes its sign. It appears that after 15 cycles, the 

MgO layer is not yet fully closed, and that the 

intermediate SiOx, which is formed at the interface 

between i-aSi:H and MgO layer therefore plays the 

dominant role for the values of Dit and the sign of Qi. 

Another possibility that upon annealing, the Mg-OH 

bonds are substituted with Mg-O [30]. This possibly 

causes the decrease in Dit and change of Qi sign. This 

matter will be discussed further when we come to the 

XPS results presented below. 

Thus, the annealing step is needed after the MgO 

layer deposition in order to improve the passivation 

quality by decreasing the defect density at the 

interface and reversing the sign of the charge. Next, 

we optimized the annealing temperature in order to 

achieve the highest passivation improvement. Fig. 2 

a) compares the minority carrier lifetimes as a 

function of the annealing temperature for both layer 

stacks. As expected for the MgO/i-aSi:H layer stack, 

the minority carrier lifetime values are decreasing at 

annealing temperatures above 300 °C due to the 

degradation of the i-aSi:H layer caused by hydrogen 

effusion[31]. The MgO/c-Si layer stack shows a 

similar trend, with the total degradation of the 

effective lifetime at annealing temperatures above 

300 °C.  

C. Dependence of MgO passivation quality 

on ALD deposition temperature 

Another important parameter to consider is 

deposition temperature. As mentioned before, the 

temperature window for our MgO ALD process is 

~ 125-200°C. Therefore, in this temperature range, it 

is possible to expect the highest precursor utilization 

during the deposition process. We proceed by 

investigating the passivation properties for the 

MgO/i-aSi:H layer stack with varied deposition 

temperature of MgO layers.  

 

  
Fig. 3. (a) Effective excess minority carrier lifetimes at 

1015 cm-3 injection level, (b) c-Si interface defect density, (c) fixed 

charge density after 45 cycles of MgO layer deposition on 5 nm i-
aSi:H/c-Si, as a function of the ALD deposition temperature.  

 

Fig. 3 shows the effective excess minority carrier 

lifetime for MgO/i-aSi:H/c-Si structures as a 

function of the deposition temperature for 

as-deposited samples as well as after the annealing 

step at 250 °C for 5 minutes. We observe a change 

of effective lifetime with deposition temperature. 

For the samples deposited at a temperature below 

200 °C the minority carrier lifetime drastically 

degrades after the initial MgO layer growth. In 

contrast, the sample deposited at 200 °C shows an 

improvement that can probably be assigned to a 

further beneficial effect of i-aSi:H annealing during 

the ALD process. All lifetimes could be recovered or 

improved by the short annealing step at 250 °C. 

Interestingly, lifetimes are highest after annealing 

for the lowest and highest ALD temperatures, 

whereas for the i-aSi:H/c-Si samples, i.e. prior to 

MgO deposition, the lifetime minimum is at an 

intermediate temperature of 175°C, which 

corresponds to the maximum of defect density. It is 

possible to see that for deposition temperatures of 

175-200 °C, the initial fixed charge sign remains the 

same after the direct deposition and annealing. 

However, after the annealing sign is the same for all 

samples, and quantitatively the charge is comparable 

for all samples.   

D. XPS analysis of ALD MgO layers  

To shed light on the physical reasons for these 

findings, it is important to identify changes at the 

MgO/Si interface upon MgO deposition and after the 

annealing step. Therefore, MgO/i-aSi:H/c-Si 
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Fig. 4. a) Relative area for the components of the C 1s core level signal, relative to the total area contributed by all main core levels, b) 

Relative area of Mg-O bond to the total area of the Mg 2p core level signal, c) Normalized intensity of O 1s core level signal for as-deposited 

samples at varied deposition temperature, and after annealing at 200 °C. 

 

samples were prepared for XPS investigations: thin 

layers of around 3 nm MgO (30 ALD cycles) were 

deposited on top of an i-aSi:H layer at temperatures 

in the range of 150-200 °C. Such thin layers of MgO 

allow to observe X-ray excited photoelectrons not 

only from the MgO film, but also from the 

underlying i-aSi:H layer. However, at the same time, 

the MgO film is thick enough to behave as a fully 

formed layer. All samples were measured 

as-deposited and then annealed in vacuum at 200 °C 

for 5 minutes.  

 We start the XPS analysis of these samples with the 

C 1s core level signal. The C 1s core level signal 

could be fitted with two components: A peak that is 

assigned to C-H bonds at the binding energy around 

287 eV, and a peak stemming from C-O groups at 

289 eV[32]. No formation of Mg(CO)3[32] in  the 

Mg core level signal was detectable. Therefore, it 

can be assumed that these observed carbon bonds 

originate from the Mg(CpEt)2  precursor residuals. 

In Fig. 4 a, the area of C-H and C-O bonds relative 

to the total area of the main core level signals is 

shown. The carbon concentration changes for 

different deposition temperatures: The relative area 

for both bonds decreases with the deposition 

temperature, and it decreases further upon annealing. 

However, for the sample deposited at 200 °C, the 

C-O signal is increased as compared to the other 

deposition temperatures, which could be an 

indication of the start of precursor decomposition. 

The next core level of interest is the Mg 2p core 

level. It this core level, there are two clearly 

detectable components: Mg-(OH) and Mg-O 

bonds[33]. Fig. 4 b shows that for all deposition 

temperatures, the ratio of Mg-O bonds relative to 

Mg-(OH) bonds increases after the annealing step. 

Therefore, it is possible to conclude that with 

annealing the Mg-(OH) bonds are indeed substituted 

with Mg-O bonds[30], as surmised from the 

passivation/carrier lifetime data. Finally, we 

investigate the O 1s core level. In this signal, at least 

5 components, i.e. individual peaks, are present 

which are hard to distinguish and difficult to assign 

to specific chemical bonds. The components that 

could be located in this binding energy range are: 

Mg-O, O-Si, -Mg(OH), -CO, H2O[32], [34]. 

Because of this complicated peak structure and the 

limited energy resolution, we refrain from fitting 

individual peaks to this signal. However, fig. 4 c 

shows that for all samples after annealing, the signal 

intensity at higher binding energies is decreasing.  

 

Within this sample series, we also analyzed the Si 2p 

core level (data shown in the SI), and have observed 

the presence of all four oxidation states of silicon, 

which indicates the presence of silicon suboxides, 

SiOx with x < 2, at the interface between i-aSi:H and 

the MgO. However, no observable changes were 

seen in this core level upon annealing. Therefore, it 

can be concluded that the O-Si contribution should 

also be unchanged in the O 1s core level. Keeping 

this in mind, we can surmise that the annealing step 

is mainly affecting –CO and –OH groups within the 

MgO film, and we conclude that with the annealing 

step layers become more stoichiometric[35]. The 

annealing temperature of 200-250 °C is sufficient to 

break the –OH bond. Therefore, it is possible that 

hydrogen diffuses from MgO layer to the interface, 

hence the MgO layers become less defective due to 

less hydrogen at the surface and in the bulk. Thus, 

both bulk and interface passivation would be 

improved. 

E. Contact resistivity of ALD MgO layers  

Next, we evaluate the electrical contact properties 

of MgO/c-Si and MgO/i-aSi:H/c-Si layer stacks. 
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Fig. 5.  J (V) characteristics for varying thicknesses of ALD MgO deposited at 150 °C on a) bare c-Si substrates, b) on top of i-aSi:H/c-Si 

layer stacks. J-V characteristics for varying pad diameter for the test structures after 30 cycles of MgO on c) bare c-Si substrates, d) on top of 
i-aSi:H/c-Si layer stacks. Samples were annealed at 250 °C before the metallization process.  

  

Test structures using the method devised by Cox 

and Strack were investigated[25]. Note, that using 

the Cox & Strack method, we are not able to discern 

between the contact resistances at the interfaces in 

the thin film stack and series resistance in the bulk of 

the thin films. In the following, we therefore use a 

lumped value, which we label contact resistance, c, 

for the sake of simplicity. 

At the front side, the MgO/c-Si and MgO/i-

aSi:H/c-Si layer stacks with different thicknesses of 

MgO layers were realized. As it was shown before, 

the passivation of the c-Si substrate by such layer 

stacks can be improved by a short annealing step at 

200-250 °C. Therefore, before the metallization was 

applied, samples were annealed at 250 °C for 

5 minutes. Afterwards, 2 μm thick circular 

aluminum pads of different sizes were evaporated 

onto the front side. For both cases, i.e. with and 

without i-a-Si:H buffer layers, J(V) characteristics 

had a linear, Ohmic behaviour as shown in fig. 5. It 

is possible to see that with increasing MgO layer 

thickness there is a drastic increase of resistance, by 

four orders of magnitude and scaling roughly 

exponentially with ALD cycles, i.e. with layer 

thickness. The conduction band offset between MgO 

layer and c-Si is around 1.55 eV[36]. The band offset 

between c-Si and i-aSi:H is around 0.2-0.3 eV[37]. 

By assuming transitivity rule[38], the conduction 

band offset between MgO and i-aSi:H is still around 

1.25-1.35 eV. With such a high barrier higher than 

thermal energy kbT. Thus, tunneling of electrons 

from the a-Si conduction band through the MgO to 

the metal contact is probably the main current 

transport mechanism, and an exponential scaling of 

resistance with barrier thickness is consistent with 

this argument. Therefore, this increase can 

correspond to the domination of tunneling 

resistance[39]. With the increase of the layers 

thickness, J(V) data becomes more scattered. 

Therefore, the contact resistivity for thicker layers 

could not be reliably determined from the thicker 

layers. As a result, in the following we only discuss 

data obtained from the test structures with 30 ALD 

cycles of MgO, for both cases i.e. with and without 

i-aSi:H. For the MgO/c-Si stack the contact 

resistance of the structure is 0.18±0.01 Ωcm2, which 

is comparable with estimates obtained by others for 

evaporated MgO layers for similar layer 

thickness[12]. In the case of the i-aSi:H, the 

extracted contact resistance is about five times 

higher: 0.95±0.11 Ωcm2. Inserting of i-aSi:H by 

itself introduces an additional resistance to the 
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current transport though the contact system,  

  

Fig. 6. Illuminated one-sun J(V) characteristics for solar cell devices with a) an MgO/c-Si layer stack as electron contact on the rear side, 
b) an MgO/i-aSi:H/c-Si stack. The MgO layer thickness was varied. Colors of the curves for both graphs represent the same number of 

deposition cycles. Schematic representations of the devices are shown as insets 

 

due to the bulk resistivity of this undoped layer[40]. 

Additionally, one of the possible reasons for such an 

increase can be due to the aluminum metallization: 

the Al contact is shown to be suitable in combination 

with MgO material[12]. However, in the case of very 

thin layer of MgO, there is a possibility that 

aluminum diffuses through the layer to the i-aSi:H 

interface. . The interaction of Al with the a-Si:H. 

layer leads to counterdoping [41], yielding an 

increase of the total contact resistance [42]. Note, 

that the contact resistance obtained for the reference 

stack for the SHJ solar cell 

(c-Si/i-aSi:H/n-aSi:H/ITO/Ti-Ag) is even higher, 

estimated to 1.1±0.15 Ωcm2 in comparison to 

regarded stack. 

F. MgO layers as electron contacts in silicon 

heterojunction solar cells   

 

TABLE I.  SOLAR CELL PARAMETERS FOR THE BEST DEVICES 

FABRICATED ON PLANAR SI WAFER INCORPORATING THE ALD-

GROWN MGO LAYERS. 

Sample type MgO 

cycles 

Jsc 

(mA/ 

cm2) 

Voc  

(V) 

FF 

(%) 

Effi

cie

ncy 

(%) 
MgO/c-Si 20 33.4 0.664 

 

73.8 16.4 

MgO/i-aSi:H 30 33.8 0.687 72.4 16.8 

Reference 0 33.3 0.698  73.4 17.0 

 

Finally, solar cells with MgO/c-Si and 

MgO/i-aSi:H/c-Si layer stacks as rear contacts were 

fabricated. 

The MgO layer thickness was varied in the range of 

20-50 ALD cycles to see the influence of the layer 

thickness on the final solar cell performance. In 

Fig. 6 the J(V) characteristics for such devices are 

shown. Additionally, Table 1 shows the J(V) 

parameters of the best cell for each type of stack. 

Note, that due to the flat surfaces of the c-Si wafers 

used for these cells, the short circuit current is 

strongly limited. For cells with the MgO/c-Si stack, 

an efficiency of 16.4 % is achieved with a thin MgO 

(20 ALD cycles, dMgO ≈ 2.5 nm). For comparison, a 

reference cell with an (n,i)-a-Si:H contact reaches 

and efficiency of 17%. With a further increase in 

layer thickness, we observe that a transport barrier is 

formed, which is reflected in the S-shape of J(V) 

curves and a decrease of Voc and FF. This 

degradation is in line with the increasing contact 

resistance that was discussed earlier. For the 

MgO/i-aSi:H/c-Si stack, it is obvious that the 

additional thin i-aSi:H layer helped to keep the 

passivation on a level that allows Voc values above 

680 mV. Improved passivation allowed to have the 

higher FF for thicker MgO layers. This shows that 

the i-aSi:H layer makes it possible to sustain the 

passivation, and that a thin layer of MgO is sufficient 

to function as a proper electron transport layer. The 

slight degradation of the Voc and FF for such stacks 

as compared to the reference can be attributed to the 

possible diffusion of aluminum through the MgO 

stack during the evaporation of the aluminum 

contact. In addition, the FF is probably decreased by 

the additional series resistance in the (i)a-Si:H film.  

 

IV. CONCLUSIONS 

We have presented an investigation of low 

temperature ALD of magnesium oxide layers on  

 

c-Si(n) and i-aSi:H/c-Si(n) substrates, at deposition 

temperatures of 125-200 °C. We investigated the 

interface passivation and layer properties of these 

layers, as well as the behavior of such layers upon an 

additional annealing step.  

A weak passivation effect yielding minority 

carrier lifetimes of 0.15 ms was observed for a 

~9.8 nm thick MgO layer directly deposited on c-Si 

after an annealing step of 200-250 °C. For the 

alternative layer stack of MgO/i-aSi:H on c-Si, after 

the initial MgO layer deposition, we observe a 

degradation of minority charge carrier lifetime 

caused by an increase of recombination-active 
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defects either at the MgO/i-aSi:H interface or in the 

MgO bulk. Upon a short annealing step of 5 minutes 

at 200-250 °C, it was possible to not only fully 

recover the passivation, but also gain a further 

improvement. The main reason for this improvement 

can be explained from XPS measurements: The as-

grown MgO layer is not fully stoichiometric, and 

Mg(OH) moieties are present, as evidenced by the 

corresponding contributions to the Mg 2p and O 1s 

core levels. Upon annealing, the layers become more 

stoichiometric, thus less defective. Furthermore, the 

released hydrogen probably diffuses to the 

i-aSi:H/c-Si interface and causes the passivation 

improvement of the stack.  

Additionally, we observed that for both types of 

layer stacks the contact showed an Ohmic behavior. 

However, with the increase of MgO layer thickness, 

the contact resistance increased drastically. For the 

device relevant MgO thicknesses of around 3 nm (30 

ALD cycles), the contact resistance in the MgO/c-Si 

layer stack was approximately 0.18 Ωcm2, and for 

the MgO/i-aSi:H/c-Si stack 0.95 Ωcm2. Thus, for 

both contact stacks, there is a tradeoff between the 

passivation quality and the contact resistance. As a 

proof of concept, silicon heterojunction solar cells 

with both types of the layer stacks used as electron 

selective contacts and standard (p,i)a-Si:H hole 

selective contacts were fabricated on flat wafers. The 

cells show similar power conversion efficiencies of 

above 16.4 % for both cases. Therefore, we conclude 

that our ALD MgO layers can be considered as a 

suitable building block for further development in 

c-Si based devices. Furthermore, the low process 

temperatures < 200°C ensure compatibility with the 

well-established a-Si-H/c-Si heterojunction 

technology as used in high efficiency cells. Possible 

further routes for improvement include the 

optimization of the metal contact and the interface 

with the i-aSi:H layers. Also, the deposition of MgO 

on top of an intentionally ultrathin oxide rather than 

an HF-last Si surface can be considered as a route to 

achieve improved contact properties and passivation. 

 

 

ACKNOWLEDGEMENTS 

The authors would like to thank Kerstin Jacob, 

Mona Wittig, Heinz Hagen and Carola Ferber for 

experimental and technical support, and A.Tejada 

for help with ellipsometry fitting. The authors 

acknowledge the Hysprint innovation lab project and 

Steve Albrecht for the possibility to use the ALD 

tool. The authors acknowledge the EMIL (Energy 

Materials In-situ Laboratory Berlin) and R. Wilks, J. 

Frisch for technical support in conducting the XPS 

investigations. 

 

REFERENCES  

[1] T. Dullweber and J. Schmidt, “Industrial Silicon Solar 

Cells Applying the Passivated Emitter and Rear Cell 
(PERC) Concept-A Review,” IEEE J. Photovoltaics, 

vol. 6, no. 5, pp. 1366–1381, 2016. 

[2] F. Feldmann, M. Bivour, C. Reichel, H. Steinkemper, 

M. Hermle, and S. W. Glunz, “Tunnel oxide 

passivated contacts as an alternative to partial rear 
contacts,” Sol. Energy Mater. Sol. Cells, vol. 131, pp. 

46–50, 2014. 

[3] K. U. Ritzau et al., “TCO work function related 

transport losses at the a-Si:H/TCO-contact in SHJ solar 

cells,” Sol. Energy Mater. Sol. Cells, vol. 131, pp. 9–
13, 2014. 

[4] J. Melskens, B. W. H. Van De Loo, B. Macco, L. E. 

Black, S. Smit, and W. M. M. Kessels, “Passivating 

Contacts for Crystalline Silicon Solar Cells: From 
Concepts and Materials to Prospects,” IEEE J. 

Photovoltaics, vol. 8, no. 2, pp. 373–388, 2018. 

[5] D. Adachi, J. L. Hernández, and K. Yamamoto, 

“Impact of carrier recombination on fill factor for large 

area heterojunction crystalline silicon solar cell with 
25.1% efficiency,” Appl. Phys. Lett., vol. 107, no. 23, 

p. 233506, Dec. 2015. 

[6] X. Yang, K. Weber, Z. Hameiri, and S. De Wolf, 

“Industrially feasible, dopant-free, carrier-selective 

contacts for high-efficiency silicon solar cells,” Prog. 
Photovoltaics Res. Appl., vol. 25, no. 11, pp. 896–904, 

2017. 

[7] B. Macco et al., “Effective passivation of silicon 

surfaces by ultrathin atomic-layer deposited niobium 

oxide,” Appl. Phys. Lett., vol. 112, no. 24, pp. 242105–

242101, 2018. 

[8] J. Yu et al., “Heterojunction solar cells with 
asymmetrically carrier-selective contact structure of 

molybdenum-oxide/silicon/magnesium-oxide,” Sol. 

Energy, vol. 159, pp. 704–709, Jan. 2018. 

[9] X. Yang et al., “Tantalum Nitride Electron-Selective 

Contact for Crystalline Silicon Solar Cells,” Adv. 
Energy Mater., vol. 8, no. 20, p. 1800608, Jul. 2018. 

[10] J. Bullock et al., “Stable Dopant-Free Asymmetric 
Heterocontact Silicon Solar Cells with Efficiencies 

above 20%,” ACS Energy Lett., vol. 3, no. 3, pp. 508–

513, 2018. 

[11] J. Y. Lim et al., “Work function of MgO single 

crystals from ion-induced secondary electron emission 
coefficient,” J. Appl. Phys., vol. 94, no. 1, pp. 764–

769, 2003. 

[12] Y. Wan et al., “Conductive and Stable Magnesium 

Oxide Electron-Selective Contacts for Efficient Silicon 

Solar Cells,” Adv. Energy Mater., vol. 7, no. 5, p. 
1601863, Mar. 2017. 

[13] J. Yu et al., “Activating and optimizing evaporation-
processed magnesium oxide passivating contact for 

silicon solar cells,” Nano Energy, vol. 62, pp. 181–

188, 2019. 



[14] H. Lee, T. Kamioka, D. Zhang, N. Iwata, and Y. 

Ohshita, “Excellent Surface Passivation of Crystalline 

Silicon by Ternary Al x Mg 1-x O y Thin Films,” 
IEEE 43rd Photovolt. Spec. Conf., pp. 2931–2934, 

2016. 

[15] M. M. Sung, C. G. Kim, J. Kim, and Y. Kim, 

“Chemical beam deposition of MgO films on Si 

substrates using methylmagnesium tert-butoxide,” 
Chem. Mater., vol. 14, no. 2, pp. 826–831, 2002. 

[16] W. Fan, P. R. Markworth, T. J. Marks, and R. P. H. 
Chang, “Growth of atomically flat homoepitaxial 

magnesium oxide thin films by metal-organic chemical 

vapor deposition,” Mater. Chem. Phys., vol. 70, no. 2, 
pp. 191–196, 2001. 

[17] M. Manin, S. Thollon, F. Emieux, G. Berthome, M. 
Pons, and H. Guillon, “Deposition of MgO thin film 

by liquid pulsed injection MOCVD,” Surf. Coatings 

Technol., vol. 200, no. 5–6, pp. 1424–1429, 2005. 

[18] W. B. Wang, Y. Yang, A. Yanguas-Gil, N. N. Chang, 

G. S. Girolami, and J. R. Abelson, “Highly conformal 
magnesium oxide thin films by low-temperature 

chemical vapor deposition from Mg(H3BNMe2BH3) 2 

and water,” Appl. Phys. Lett., vol. 102, no. 10, p. 
101605, 2013. 

[19] R. Huang and A. H. Kitai, “Temperature-dependence 
of the growth orientation of atomic layer growth 

MgO,” Appl. Phys. Lett., vol. 61, no. 12, pp. 1450–

1452, 1992. 

[20] M. Putkonen, T. Sajavaara, and L. Niinisto, “Enhanced 

growth rate in atomic layer epitaxy deposition of 
magnesium oxide thin films,” J. Mater. Chem., vol. 10, 

no. 8, pp. 1857–1861, 2000. 

[21] B. B. Burton, D. N. Goldstein, and S. M. George, 

“Atomic layer deposition of MgO using 

bis(ethylcyclopentadienyl)magnesium and H2O,” J. 
Phys. Chem. C, vol. 113, no. 5, pp. 1939–1946, 2009. 

[22] W. Kern, “The Evolution of Silicon Wafer Cleaning 
Technology,” J. Electrochem. Soc., vol. 137, no. 6, p. 

1887, 1990. 

[23] C. Leendertz, N. Mingirulli, T. F. Schulze, J. P. 

Kleider, B. Rech, and L. Korte, “Discerning 
passivation mechanisms at a-Si:H/c-Si interfaces by 

means of photoconductance measurements,” Appl. 

Phys. Lett., vol. 98, no. 20, p. 202108, May 2011. 

[24] C. Leendertz, R. Stangl, T. F. Schulze, M. Schmidt, 

and L. Korte, “A recombination model for a-Si:H/c-Si 
heterostructures,” Phys. Status Solidi Curr. Top. Solid 

State Phys., vol. 7, no. 3–4, pp. 1005–1010, 2010. 

[25] R. H. Cox and H. Strack, “Ohmic contacts for GaAs 

devices,” Solid. State. Electron., vol. 10, no. 12, pp. 

1213–1218, 1967. 

[26] M. Wojdyr, “Fityk: A general-purpose peak fitting 

program,” J. Appl. Crystallogr., vol. 43, no. 5 PART 1, 
pp. 1126–1128, 2010. 

[27] Y. Kuang et al., “Towards the implementation of 
atomic layer deposited In2O3:H in silicon 

heterojunction solar cells,” Sol. Energy Mater. Sol. 

Cells, vol. 163, pp. 43–50, Apr. 2017. 

[28] A. Mameli et al., “Area-Selective Atomic Layer 

Deposition of ZnO by Area Activation Using Electron 

Beam-Induced Deposition,” Chem. Mater., vol. 31, no. 
4, pp. 1250–1257, 2019. 

[29] X. Yang, P. Zheng, Q. Bi, and K. Weber, “Silicon 
heterojunction solar cells with electron selective TiOx 

contact,” Sol. Energy Mater. Sol. Cells, vol. 150, pp. 

32–38, 2016. 

[30] M. G. Kim, U. Dahmen, and A. W. Searcy, “Structural 

Transformations in the Decomposition of Mg(OH)2 
and MgCO3,” J. Am. Ceram. Soc., vol. 70, no. 3, pp. 

146–154, 1987. 

[31] X. Cheng, E. S. Marstein, H. Haug, C. C. You, and M. 

Di Sabatino, “Thermal stability of hydrogenated 

amorphous silicon passivation for p-type crystalline 

silicon,” Phys. Status Solidi Appl. Mater. Sci., vol. 

213, no. 1, pp. 91–95, 2016. 

[32] V. Fournier, P. Marcus, and I. Olefjord, “Oxidation of 

magnesium,” Surf. Interface Anal., vol. 34, no. 1, pp. 

494–497, 2002. 

[33] M. Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, 

“Initial surface film on magnesium metal: A 
characterization by X-ray photoelectron spectroscopy 

(XPS) and photocurrent spectroscopy (PCS),” 

Electrochim. Acta, vol. 53, no. 3, pp. 1314–1324, Dec. 
2007. 

[34] T. L. Barr, “An XPS study of Si as it occurs in 
adsorbents, catalysts, and thin films,” Appl. Surf. Sci., 

vol. 15, no. 1–4, pp. 1–35, 1983. 

[35] J. S. Corneille, J. W. He, and D. W. Goodman, “XPS 

characterization of ultra-thin MgO films on a Mo(100) 

surface,” Surf. Sci., vol. 306, no. 3, pp. 269–278, 1994. 

[36] B. Brennan, S. McDonnell, and G. Hughes, 

“Photoemission studies of the initial interface 
formation of ultrathin MgO dielectric layers on the 

Si(111) surface,” Thin Solid Films, vol. 518, no. 8, pp. 

1980–1984, 2010. 

[37] T. F. Schulze, L. Korte, F. Ruske, and B. Rech, “Band 
lineup in amorphous/crystalline silicon heterojunctions 

and the impact of hydrogen microstructure and 

topological disorder,” Phys. Rev. B - Condens. Matter 
Mater. Phys., vol. 83, no. 16, 2011. 

[38] A. D. Katnani and R. S. Bauer, “Commutativity and 
transitivity of GaAs-AlAs-Ge(100) band offsets,” 

Phys. Rev. B, vol. 33, no. 2, pp. 1106–1109, Jan. 1986. 

[39] J. Hu, A. Nainani, Y. Sun, K. C. Saraswat, and H. S. 

Philip Wong, “Impact of fixed charge on metal-

insulator-semiconductor barrier height reduction,” 
Appl. Phys. Lett., vol. 99, no. 25, pp. 252104–23702, 

2011. 

[40] J. Kanicki, “Contact resistance to undoped and 

phosphorus-doped hydrogenated amorphous silicon 

films,” Appl. Phys. Lett., vol. 53, no. 20, pp. 1943–
1945, 1988. 



[41] M. S. Haque, H. A. Naseem, and W. D. Brown, 

“Interaction of aluminum with hydrogenated 

amorphous silicon at low temperatures,” J. Appl. 
Phys., vol. 75, no. 8, pp. 3928–3935, 1994. 

[42] Y. Wan et al., “A magnesium/amorphous silicon 
passivating contact for n -type crystalline silicon solar 

cells,” Appl. Phys. Lett., vol. 109, no. 11, p. 113901, 

2016.  

 


