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We synthetized a Si-based clathrate, composed entirely of Earth 

abundant elements, and using ab initio calculations and 

spectroscopic and Hall mobility measurement, we showed that it 

is a promising materials for solar energy conversion. We found 

that the type I clathrate K8Al8Si38 exhibits a quasi-direct band 

gap of ≃ 1.0 eV, which may be tuned to span the IR and visible 

range by strain engineering. We also found that upon light 

absorption, excited electron and hole states are spatially 

separated in the material, with low probability of charge 

recombination. Finally, we computed and measured electron and 

hole mobilities and obtained values much superior to those of a-

Si and approximately 6 to 10 and 10 to 13 time smaller than 

those of crystalline Si. 
 
The search for Earth abundant materials exhibiting efficient 
absorption of visible photons is an active area of research, within the 
fields of photovoltaics1, 2 and solar to fuel3, 4 energy conversion. 
Desirable properties include a direct band gap, low recombination 
rates and high mobilities of electrons and holes, and stability over a 
wide temperature range. 
 
We synthesized a new single crystal type I clathrate K8Al8Si38, and 
using structural data refined from X-Ray diffraction (XRD) 
measurements, we generated models for which we computed the 
electronic and optical properties. Our results showed that this 
material hold great promises for efficient absorption and 
photovoltaic conversion of sun light. In particular, our  ab initio 
calculations yielded a quasi-direct band gap of ~1.0 eV for 
K8Al8Si38, in agreement with our optical measurements (1.3 eV). The 
gap is tunable by strain engineering within the IR and visible ranges.  
In addition we found that excited electrons and holes generated upon 
absorption are spatially separated on different cages, with mobilities 
much superior to those of a-Si. 
 
The single crystal type-I clathrate K8Al8Si38 was synthesized using a 
simple mixing and baking method. Single crystal X-ray diffraction 
data showed that K8Al8Si38  crystallizes in a type I clathrate structure, 

with Pm‾3n space group, and lattice parameter (a)=10.4802(16) Å  
(see Table SI of supplementary material and deposited CIF data at C  

 
Fig. 1 Ball and stick representation of the type I clathrate 
investigated in this work : K8Al8Si38, composed of dodecahedral and 
tetrakaidecahedral cages. Within the Wyckoff sites representation of 
the structure, the center of the cages are denoted by 2a (purple) and 
6d (blue) for dodecahedral and tetrakaidecahedral cages, 
respectively; the host structure is represented by three inequivalent 
crystallographic sites: 6c (green), 16i (red) and 24k (yellow). 
 
at Cambridge Crystallographic Data Centre : deposition number 
CCDC 990683). An electron microprobe analysis revealed a 
7.63(7):38.35(7) Al to Si ratio, which was kept fixed in our 
structural refinement. There are three distinct Wyckoff sites in the 
framework (see Fig.1): 6c, 16i and 24k. Mixed Al/Si occupancies 
were allowed on all three framework sites; the model with Al on the 
6c and 24k sites resulted in the best fit, and yielded the 6c and 24k 
sites as being 79% and 12.1% occupied by Al, respectively. This 
result is consistent with those of previous studies showing that Al 
atoms preferentially occupy 6c sites in Ba8AlxSi46−x5. The 
occupancies at guest atoms sites, 2a and 6d, by K and 16i site by Si 
were also examined in the refinement. No vacancy was found, and 
therefore in the final refinement those sites were assumed to be 
occupied. Our fit to XRD data indicated that the K atoms at 2a sites 
exhibits large anisotropic thermal displacements. However a site 
split model was eventually not adopted as it failed to improve the 
refinement procedure. Additional detail about site occupancies are  
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Table 1 Direct (d) and indirect (i) electronic band gaps (eV) 
calculated by using Density Functional Theory and the PBE 
functional (first and second columns) for six K 8Al8Si38 samples : A, 
B, C with 5c2k1i configuration and D,E,F with 6c2i configuration 
for different Al occupancy sites (see text). The fourth column reports 
gaps calculated using many body perturbation theory within the 
G0W0 approximation, for optimized geometries at zero pressure and 
temperature. The fifth and sixth columns show values of gaps 
evaluated for tensile and compressive strains corresponding to a 
pressure of 5.8 GPa. Figures in italics were estimated based on the 
G0W0 correction obtained for sample A and D (see text). 
 

Sample )(iE PBE

g

 )(dEPBE

g
 )(dEGW

g

 )(dEPBE

g
 

@ GPa8.5−  

)(dEPBE

g
 

@ GPa8.5  

A 0.56 0.56 0.81 0.69 0.43 

B 0.67 0.73 1.06 0.90 0.56 

C 0.73 0.79 1.15 0.97 0.61 

D 0.56 0.69 1.00 0.85 0.53 

E 0.40 0.44 0.64 0.54 0.34 

F 0.60 0.74 1.07 0.91 0.57 

 
provided in Table SII. 

 

We generated six snapshots of the K8Al8Si38 structure using the  

guidelines for site occupancy proposed by Christensen et al6. These 

are 6c2i, 5c2k1i, 8k, 3c5i, 3c5k and 8i, where the letters denote 

atomic sites, and the digits denote the number of sites occupied by 

Al atoms. We then computed the total energies of the six samples 

using first principles density functional theory calculations 

within the Perdew-Burke-Ernerhof (PBE) approximation7, 8,  and 

we identified the two most stable configurations: 6c2i and 5c2k1i. 

These turned out to be consistent with those recently observed 

experimentally in the type I clathrate Ba8AlxSi46−x5 and, most 

importantly, with those found in the single crystal K8Al8Si38 

grown in our experiments. The comparison of site distances from 

single crystal refinements and theoretical calculations is given in 

Table SIII. We found that not only the value of site distances but 

also the relative order of distances obtained by first principle 

optimizations is in satisfactory agreement with experimental 

results, indicating that the models generated in our calculations are 

adequate to represent the structure of type I clathrate obtained in 

experiments. The lattice constant of the optimized model is 10.578 Å. 

i.e. 0.9% larger than the measured value (10.4802 Å). 

 
Having identified the most stable sets of configurations of K8Al8Si38, 

we computed the band structures (Fig. 2) of several of those, with Al 

substituted at different sites, in order to mimic the range of atomic 

substitutions possibly existing in the real material. We considered 

three 5c2k1i (A,B,C) and three 6c2i  (D,E,F) samples. Most 

calculations were conducted at the DFT level and one sample (A) 

was carefully analyzed using many body perturbation theory 

(MBPT) at the G0W0 level 9 (see Fig. S1). Our DFT band structure 

calculations are consistent with those reported in Ref 10, where a 

thermoelectric study of type I clathrates was reported, although our 

computed gaps differ. We found that the position of Al in the Si 

cages may significantly influence the valence bands position, while 
the conduction bands are largely unaffected (see Fig. 2a and 2b). Fig. 

2c shows the G0W0 corrected band structure of sample A with 

respect to that obtained at the DFT-PBE level. We found a rigid shift  

 
(a) 

 

 
(b) 

 
(c) 

 
Fig. 2 (a) Band structure of K8Al8Si38 with Al on five 6c sites, two 
24k sites and one 16i sites ( 5c2k1i configurations ),  for samples A 
(black), B (red) and C (blue), calculated using DFT-PBE. (b) Band 
structure of K8Al8Si38 with Al on six 6c sites, two 16i sites ( 6c2i 
configurations) for samples D (black), E(red) and F(blue),    
calculated using DFT-PBE. (c) Band structure of K8Al8Si38 (sample 
A) calculated using DFT-PBE (black) and many body perturbation 
theory within the G0W0 approximation (red), respectively. 
 

of the uppermost valence band (VB) to lower energy (0.04 eV), and  

of the lowest conduction band (CB) to higher energy (0.21 eV), 

yielding a band gap (0.81 eV) increase of approximately 45 % with 
respect to that computed within DFT-PBE (0.56 eV). We then  
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Fig. 3  The measured absorbance as a function of photon energy 
using a UV-Vis spectrophotometer. The combined (i.e. direct and 
indirect) band gap value (1.33 eV) is indicated by the intersection 
of the fitted base line and the absorption edge (red dash lines). 
 

assumed that a similar increase would approximately apply to all  

other samples, in going from the DFT/PBE to the G0W0 levels of 

theory (All samples have similar geometries and exhibit the same 

kind of bonds). The computed gaps varies  between 0.44 and 0.79 

eV within PBE and between 0.64 and 1.15 eV within G0W0  at 

normal conditions. Irrespective of the sample and the level of theory, 

we found that all of our models have direct or quasi-direct band 

gaps, with differences between direct and indirect gaps of at most ≃ 
0.14 eV. Specifically, taking into account thermal energy effects 

(kBT ∼ 0.03eV at 300 K), we identified four samples (A, B, C and E) 

with direct band gaps (see Table I). 

 

We estimated the exciton binding energy (
bE ) of the material for 

sample A from the formula )/( *
0

2 aeEb ε= 11, where the dielectric 

constant ε was computed using density functional perturbation 

theory12, 13 and *
0

*
0 / mama eε= ; here 

0a is the Bohr radius, 
em the 

electron mass, *
m the effective reduced mass, obtained from the 

computed effective mass  (see below). We obtained ε ~12.86, a 

value similar to that of c-Si (12.81 at the same level of theory), and 
*

0a ~16 Å, which is about 3 times smaller than in c-Si (∼ 42 Å) 10. 

Hence our estimate for the exciton binding energy is approximately 

0.06 eV. Therefore we expect that the trends found for the quasi-

particle gaps reported in Table I are unaffected in the case of optical 

gaps, which are obtained by subtracting exciton binding energies 

from the electronic gaps. 
 

Next we analyzed the variation of the gaps caused by possible strain 

fields present in the material due, e.g. to growth conditions. We 

computed the electronic properties of K8Al8Si38 samples A and D 

under compressive and tensile strain, corresponding to P = +5.8 GPa 

and -5.8 GPa (the former value of P is obtained when considering 

the experimental lattice constant). We found a decrease (increase) of 

about 23 % in the gap under compression (tensile strain), with no 

notable change in the shape of the bands and hence no modification 

of the nature of the gaps that remained (quasi)-direct. Hence we 

conclude that the computed band gap within G0W0 under the effect 

of  strain are between 0.5 and 1.4 eV. These band gaps fall mostly in 
the energy range of 1~1.5 eV, which yields the maximum photon 

absorption from solar radiation14. These results suggest that one may  

 
 
Fig. 4 Isosurfaces of the square moduli of the valence band 
maximum (red) and conduction band minimum (blue) single particle 
states of type I clathrate K8Al8Si38; yellow, pink and cyan spheres 
represent Si, Al and K atoms, respectively. 
 

tune the optical absorption of the material in a range between IR and  

visible by strain engineering, with great advantage with respect to 

materials that absorb just in a narrow energy window, and improved 

efficiency for solar energy conversion. 

 

We measured the band gaps by transmission. Fig. 3 shows the 

measured absorbance as a function of photon energy obtained by 

using a Perkin-Elmer Model Lambda 750 UV/Vis/NIR 

spectrophotometer; the measured band gap is ~1.33 eV (see  

Supplementary for the details of measurement).   To estimate the 

direct and indirect band gap, we converted the absorbance to the  

Kubelka-Munk function F(R), and using a Tauc plot we obtained a  

direct band gap of 1.29 eV and an indirect band gap of 1.06 eV (see 

Fig. S5 and S6), in excellent agreement with our theoretically  

predicted values of ~1.0 eV with at most a 0.14 eV difference 

between direct and indirect band gaps.  

 

In addition to strain, it is reasonable to expect the presence of 

defects, e.g. vacancies and unbalanced stoichiometric ratios in some 

of the experimental samples. We generated samples with vacancies 

by removing one silicon atom from the unit cell of each of the 

K8Al8Si38 configurations (A,B,C,D and E) shown in Table I (this 

corresponds to ∼1x1019 cm−3 density of defects in the material). In 

samples A, B and C a Si atom was removed from the 6c site; the 

resulting vacancy had only one Al neighbour in A and B (on the 16i  

and 6c site, respectively), but two Al neighbours in C (one on 6c and 

the other one on 16i); in samples D and E a Si atom was removed 

from 16i and 24k sites, respectively and the resulting vacancy had no 

Al neighbours. The computed total energies showed that the 

defective B and C samples, with Si missing from a 6c sites, are the 

most stable ones (see Table SIV) with respect to other samples (A, D 

and E) and, importantly, they are both semiconducting, with PBE 

band gaps of 0.52 eV and 0.48 eV. Samples A, D and E were instead 

found to be metallic (see Table SIV). These results indicate that the 

presence of possible vacancies in K8Al8Si38 is not likely to change its 

semiconducting properties and the nature of its gap. 
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Fig. 5 Calculated carrier mobilities (electrons, black curve, and 
holes, red curves) of type I clathrate K8Al8Si38 as a function of 
temperature (T) with carrier concentration 1x1018 cm−3 , using the 
single Kane band model (see text). 

 

To explore the effect of unbalanced stoichiometry on the band gaps, 

we created four samples starting from configuration A: K6Al8Si38, 

K8Al6Si40, K7Al7Si39, and K6Al6Si40. We found that K6Al8Si38 is  a   

p-type semiconductor with Fermi energy slightly overlapping with 

the valence bands (i.e. 0.18 eV below the valence band maximum);  

instead K8Al6Si40 is a n-type semiconductor with the Fermi energy 

slightly over-lapping with the conduction bands (i.e. 0.19 eV above  

the conduction band minimum). K7Al7Si39 and K6Al6Si40 are 

intrinsic semiconductors with band gaps of 0.70 eV and 0.80 eV, 

respectively. Therefore for the family of type I clathrates KX AlY 

Si46−Y , we found that if the condition X+Y+4x(46-Y)=184 is 

satisfied (i.e. a zintl phase is realized), the system is a 

semiconductor. By decreasing the number of K and Al atoms, one 

may increase the band gap: for example, the band gap of K7Al7Si38 is 

0.70 eV and that of K6Al6Si38 is 0.80 eV, to be compared with that of 

sample A, 0.56 eV. We note that the calculated band gap of Si46 is 

1.33 eV at the DFT/PBE level. 
 
In addition to efficient absorption, key properties of materials for 
photovoltaic applications are the spatial localization of electrons and 
holes and their mobilities. Fig. 4 shows the calculated square moduli 
of the top valence band wavefunction (VBM, red) and bottom 
conduction band wavefunction (CBM, blue) of sample A (Table I). 
Interestingly, we found that the VBM is localized in the large cages 
around the Al atoms, while the CBM is localized on the small cages 
around the Si atoms, with very limited spatial overlap between the 
two, indicating a low probability of charge recombination. This 
conclusion holds for any of the structures of K8Al8Si38  examined in 
this work, although the spatial localizations of VBM and CBM 
depend on the positions of Al and Si atoms (see Fig. S2). 

 

Finally we computed the carrier mobilites of electrons and holes as a 

function of concentration and temperature (T) for sample A by using 

the single band Kane model15, where all parameters were derived 

from first principles: 

 

  

where h is the Planck constant, e the electronic elementary charge, 

kB the Boltzmann constant, ζ the reduced carrier energy (ζ/kBT) and 

α=kBT/Eg , where Eg is the electronic gap; f=1/(eζ-u +1) is the Fermi-

Dirac distribution, and u the Fermi energy. The effective mass
1*

||
** )/1/2(3 −
⊥ += mmmI

 and 3/1*
||

2** )( mmmb ⊥=  were determined 

by computing *
⊥m  and *

||m  from quadratic fits of the bands at X and 

M for the electrons, and at X for the holes (see Fig. S3). We found 

that both *
⊥m  and *

||m  at X are similar to those at M, and *
Im = *

bm
=0.68 

em  for electrons and *
Im = *

bm =1.03 
em  for holes. The bulk 

modulus B was computed using the Newton-Laplace formula:   

ρsvB =  where ρ  is the density and 
sv the speed of sound. The 

latter was obtained by averaging the group velocities of longitudinal 

( lgv , ) and transverse ( tgv , ) modes ( 3/)( 2,1,, tgtglgs vvvv ++= ) as 

computed by linear fits, close to the Γ point, of the phonon 

dispersion curves calculated using density functional perturbation 

theory12, 13, 16. The computed bulk modulus is 2.1x1010 Pa, 

substantially smaller than that of crystalline Si (9.7x1010 Pa). The 

electron-phonon and hole-phonon coupling energies were calculated 

from the deformation potential17-19: )/(0 VEV CBM ∆∆=Ξ  and 

)/(0 VEV VBM ∆∆=Ξ , where 
0V is the equilibrium volume of the 

crystal, V∆ is the volume change, 
CBME∆ the change of the energy of 

the conduction band minimum, and 
VBME∆  that of the valence band 

maximum. We obtained Ξ =7.55 eV and Ξ =8.67 eV for electrons 

and holes, respectively (to be compared, e.g. to those of Si: 10.57 eV 

(electrons) and 5.39 eV (holes) 20). We first calculated carrier 

(electron and hole) mobilities as a function of carrier concentrations 

at 300 K and extrapolated to the intrinsic carrier concentration (n) 

limit of 1x1018 cm−3 (see Fig. S4). Using such value, we then 

computed the carrier mobilities as a function of temperature shown 

in Fig.5.  The computed electron mobility of K8Al8Si38 is ~49 

cm2/V/s at room temperature; we measured the electron mobility by 

Hall effect and we obtained a value of ~39 cm2/V/s (see 

Supplementary Information) in good agreement with our theoretical 

predictions. 

 

We found that the electron and hole mobilities of the type I clathrate 

K8Al8Si38 are smaller than those of diamond Si20-22 by a factor of six 

to ten at room temperature. The  lower values of the mobilities are 

partly due to the slight amount of disorder present in the cages. 

However the computed values of µ are better than those of SnS23, 

and comparable to those of Cu2O
24, which are promising 

semiconductors for photovoltaic applications. Importantly we found 

that the µ of  K8Al8Si38 is much superior to those of, e.g. a-Si: 1 

cm2/V/s for electrons and 0.01 cm2/V/s for holes25-28 and to those of 

organic materials: ∼ 0.008 cm2/V/s for electrons and ∼ 0.002 for 

holes29. In addition, the ratio µ e/µ h is ∼ 5 in K8Al8Si38, while it can 

be as high as 100 in a-Si (it is ∼ 3 in c-Si). Finally we note that a 

thermal analysis using differential scanning calorimetry (DSC) 

showed that K8Al8Si38 is stable up to 1270 K30. 

 

ζαζαζζζ
ζ
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Conclusions 

We synthetized a new type I clathrate composed entirely of 

Earth abundant elements, K8Al8Si38, and we showed that it is a 

promising material for solar energy conversion, with a quasi 

direct band gap of ∼ 1 eV, relatively high mobilities and 

excited electron and hole states spatially separated, with low 

probability of charge carrier recombination. The computed and 

measured values of the band gap and electron mobilities 

showed very good agreement. 
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Broader Context 

 

The desired properties of materials for solar energy conversion encompass a direct band gap in an 

energy range that maximizes absorption of visible light, and hole and electron mobilities allowing for 

efficient charge extraction, following light absorption. We show that the type-I 

clathrate  K8Al8Si38, composed of cheap, Earth abundant elements, is a promising materials for solar 

energy conversion, with a quasi-direct band gap of ~ 1 eV and mobilities much superior to those of 

amorphous silicon, a system already in use in solar cell devices. 
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