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Abstract 

Metal-semiconductor interfaces are ubiquitous in modern electronics. These quantum-confined 

interfaces allow for the formation of atomically-thin polarizable metals and feature rich optical 

and optoelectronic phenomena, including plasmon-induced hot-electron transfer from metal to 

semiconductors. Here, we report on the metal–semiconductor interface formed during the 

intercalation of zerovalent atomic layers of tin (Sn) between layers of MoS2, a van der Waals 

layered material. We demonstrate that Sn interaction leads to the emergence of gap states within 

the MoS2 bandgap and new plasmonic features between 1-2 eV (0.6–1.2 Pm). The observed 

stimulation of the photoconductivity, as well as the extension of the spectral response from the 

visible regime towards the mid-infrared suggests that hot-carriers generation and internal 

photoemission take place. 

 

Keywords: intercalation, plasmonic enhancement, photoconductive gain, light-matter 

interaction, internal photoemission, hot-carrier injection, metal–semiconductor interface 

Introduction 

Interfaces of metals and semiconductors have attracted great scientific interest since the 
beginning of the 20th century. These interfaces are ubiquitous in modern electronic devices and 
provide a technological motivation for studying the rich physics originating at the boundary of 
localized and delocalized electrons. The progress of nano-plasmonics over the last two decades 
and the emergence of nano-scaled metal-semiconductor interfaces (MSIs) has further provided 
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a wealth of outstanding physical and chemical observations. 1-3 In nano-scaled junctions, the 
near-field plasmonic enhancement of the electromagnetic wave – where the evanescent decay 
length is on the same scale of the MSI itself – enables the harvesting of hot electrons injected 
from the plasmonic metal to the conduction band of the semiconductor, leaving behind hot 
holes.4, 5 This process requires that the thermal energy and momentum of the electrons are 
sufficient to cross the energy barrier of the MSI. In some cases, new plasmonic states that do 
not occur in either the metal or semiconductor alone can emerge at an MSI 3, 6, 7. Transport of 
plasmonic hot carriers (HCs) at MSIs is considered to be a promising operating mechanism of 
future photovoltaic, photocatalysis and photodetection devices  4-8. The efficiency of such 
devices depends on the efficiency of HC injection that is limited by the Schottky barrier height 
and by the mean free path (MFP) of the HCs 2, 9.  

In this paper, we present atomic-scale MSIs achieved by intercalation of Sn atoms into the van 
der Waals (vdW) gap of MoS2. We show that monolayer Sn, confined within the dielectric and 
chemical environment of the MoS2 vdW gap, features an MSI-induced plasmonic signature. 
This is analogous to the cases of gallium and indium intercalated between graphene and SiC 
substrates 10, wherein unexpected plasmonic behavior 11, arising from quantum confinement 
and symmetry breaking along the out-of-plane direction 12, 13, was reported. The intercalation 
of atomically-thin Sn layers results in the thinnest possible MSI. Enabled by the unique 
electronic structure of this MSI, we demonstrate photodetectors (photodiodes) with high 
responsivity that realize the predicted promise of such plasmonic MSIs over the past two 
decades  14-17. Furthermore, the spectral response of the photodiodes is extended from the visible 
(MoS2 only) towards the mid-infrared (Sn-intercalated MoS2), thereby confirming the 
mechanism of internal photoemission. Our results offer avenues for designing ultracompact, 
next-generation photodetectors and sensors based on intercalated van der Waals materials. 

Results and Discussions 

Atomic layers of Sn intercalated into CVD-grown vertical MoS2 organize as islands on the scale 
of ~20 nm (Figure 1). Similar to the intercalation of Ga and In 10, 11, the electronic structure of 
atomically-thin Sn clusters are subjected to strong localization due to quantum confinement. 
Figure 1a displays an HRTEM micrograph of MoS2 after intercalation, showing the presence 
of Sn atoms arranged as atomically-thin layers between the MoS2 planes. The intercalation-
induced deformation within the crystalline structure of MoS2 can be inferred from Figure S4b, 
which shows the distribution of the MoS2 interplanar spacing, as well as from the line profile 
of Figure 1c that is associated with the yellow marked area in Figure 1b. The average 
interplanar spacing is found to increase after Sn intercalation from 0.631 nm to 0.639 nm – a 
total expansion of 1.3%. This expansion is also illustrated in the high-magnification micrograph 
in Figure 1a and Figure 1b that shows the presence of an additional plane of Sn atoms between 
two consecutive (0002) planes of MoS2. Figure 1c presents the line profile from the area 
enclosed by the yellow rectangle of Figure 1b, showing the average arrangement of Sn within 
MoS2 layers. The Sn is found to be distributed throughout the host material and intercalated 
more or less evenly between layers. The presence of Sn in MoS2 is further confirmed from the 
Sn peaks seen in the EDS spectra (Figure S2) acquired from the regions shown in Figure 1b. 
The Sn concentration is found to be 3.4 +/- 0.1 atomic percent, spatially arranged as clusters as 
can be inferred from Figure S1.  
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�)LJXUH����6WUXFWXUDO�FKDUDFWHUL]DWLRQ�RI�0R6��LQWHUFDODWHG�ZLWK�]HURYDOHQW�6Q�DWRPV���D��+57(0�LPDJH�
ZLWK�DQ�LQVHW�GLVSOD\LQJ�D�VLQJOH�LQWHUFDODWHG�6Q�OD\HU�ZLWKLQ�WKH�YDQ�GHU�:DDOV�JDS�EHWZHHQ�WZR�0R6��
OD\HUV� �6Q� DWRPV� DUH� KLJKOLJKWHG� LQ� UHG�� ZKLOH� 6� DQG� 0R� DUH� KLJKOLJKWHG� LQ� \HOORZ� DQG� JUHHQ��
UHVSHFWLYHO\����E��67(0�+$$')�LPDJH�VKRZLQJ�WKH�SHULRGLF�LQWHQVLW\�FRQWUDVW�ZLWK�0R�RU�6Q�DSSHDULQJ�
ZLWK�EULJKW�FRQWUDVW�RI�SDUDOOHO�VHWV�RI�SODQHV���F��WKH�LQWHQVLW\�SURILOH�DFURVV�WKH�PDUNHG�UHFWDQJOH�LQ��E��
ZLWK�EOXH�DUURZV�LQGLFDWLQJ�WKH�0R�OD\HU�DQG�UHG�DUURZV�LQGLFDWLQJ�WKH�LQWHUFDODWHG�6Q�OD\HU� 

��

5DPDQ�VSHFWUD�REWDLQHG�ZLWK�D�����QP�ODVHU�RULHQWHG�SDUDOOHO�WR�WKH�F�D[LV�RI�WKH�FU\VWDO�GLVSOD\�
WKH�H[SHFWHG�PRGHV�RI��+�0R6���ZLWK�VRPH�VWLIIHQLQJ�RI�WKH�$�J�PRGH��)LJXUH�6���WKDW�UHVXOWV�
IURP� WKH� LQWHUFDODWLRQ� RI� 6Q�� 5DPDQ� PRGHV� FDQ� VKRZ� FRPSOH[� VRIWHQLQJ� RU� VWLIIHQLQJ��
GHSHQGLQJ� XSRQ� WKH� H[SDQVLRQ� RU� FRQWUDFWLRQ� RI� WKH� KRVW� ODWWLFH� DV� ZHOO� DV� WKH� HOHFWURQ�
GRQRU�DFFHSWRU�QDWXUH�RI�WKH�LQWHUFDODQW��$�VKLIW�LQ�WKH�5DPDQ�PRGH�ZLWK�LQWHUFDODWLRQ�VXSSRUWV�
HYLGHQFH�RI�D�FKDQJH�LQ�WKH�QDWXUH�RI�WKH�LQWHUOD\HU�YG:�JDS�DV�VHHQ�LQ�)LJXUH�6�E�DQG�WKH�
FDOFXODWLRQV�RI�)LJXUH�6�D��7KH�LQFUHDVH�LQ�WKH�5DPDQ�ZDYH�VKLIW� LV�FRQVLVWHQW�ZLWK�RSWLFDO�
SKRQRQ�VWLIIHQLQJ�DQG�KDV�EHHQ�REVHUYHG�LQ�RWKHU�LQWHUFDODWHG�V\VWHPV����������,QWHUHVWLQJO\��WKH�
VWUXFWXUH�RI�6Q�LQWHUFDODWLRQ�GLIIHUV�VLJQLILFDQWO\�IURP�WKDW�RI�0R6��LQWHUFDODWHG�ZLWK�FRSSHU���
RU�OLWKLXP���������DV�ZHOO�DV�IURP�WKDW�RI�,Q�DQG�*D�LQ�JUDSKHQH�6L&���������DV�LQ�DOO�RI�WKHVH�FDVHV��
WKH� LQWHUFDODQW� IRUPV� FRQWLQXRXV� OD\HUV�� ZKHUHDV� 6Q� DGRSWV� D� SUHGRPLQDQWO\� LVODQG�OLNH�
VWUXFWXUH��7KH�VWUXFWXUH�LQIHUUHG�IURP�+57(0�FRQILUPV�WKH�DUUDQJHPHQW�RI�6Q�DV�VLQJOH�DWRP�
WKLFN� LVODQGV� RI� ������ QP�� FRQVLVWHQW� ZLWK� WKH� 5�GRUII� PHFKDQLVP� RI� LQWHUFDODWLRQ� ���� 7KH�
LQWHUFDODWLRQ� HQHUJ\� �(T�� 6��� HVWLPDWHV� WKH� GULYLQJ� IRUFH� IRU� FOXVWHULQJ� RI� 6Q� DWRPV� DQG� LV�
UHIOHFWHG�E\� WKH� WUHQG�GLVSOD\HG� LQ�)LJXUH�6�D�� ,QLWLDOO\�� WKH�UHODWLYHO\� ODUJH�GLDPHWHU�RI�6Q�
DWRPV�UHTXLUHV�RYHUFRPLQJ�D�VL]DEOH�WKHUPRG\QDPLF�EDUULHU��FDOFXODWHG�WR�EH�LQ�WKH�UDQJH�RI�
����H9�DWRP��VHH�6,�IRU�GHWDLOV�RQ�')7�FDOFXODWLRQV���WR�LQWHUFDODWH�ZLWKLQ�WKH�YG:�JDS��)URP�
WKLV�SRLQW�RQZDUGV��WKH�³ZHGJLQJ´�DFWLRQ�RI�WKH�LQLWLDO�LQWHUFDODWLRQ�HYHQW�V��DOORZV�IRU�PRUH�
IDFLOH�LQWHUFDODWLRQ�RI�DGGLWLRQDO�6Q�DWRPV��UHVXOWLQJ�LQ�D�UDSLG�GHFUHDVH�DQG�HYHQWXDO�VDWXUDWLRQ�
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RI�WKH�WKHUPRG\QDPLF�EDUULHU�IRU�FRQWLQXHG�6Q�LQWHUFDODWLRQ��&RPSOHPHQWDULO\��PRVW�RI�WKH�F�
D[LV�H[SDQVLRQ�WKDW�UHVXOWV�IURP�WKH�LQWHUFDODWLRQ�SURFHVV�LV�DIIHFWHG�E\�WKH�LQLWLDO�LQWHUFDODWLRQ�
HYHQW�V��DQG�UHPDLQV�ODUJHO\�XQDIIHFWHG�DIWHU�WKH�IRUPDWLRQ�RI�VPDOO�6Q�FOXVWHUV��)LJXUH�6�D����

�

)LJXUH�����D��*UDSKLFDO�LOOXVWUDWLRQ�RI�WKH�FURVV�VHFWLRQ�RI�D�9$��0R6���\HOORZ�DQG�EODFN�DWRPV���6L�
�OLJKW�EOXH��KHWHURVWUXFWXUH�SKRWRGLRGH�GHYLFH�LQWHUFDODWHG�E\�6Q��OLJKW�EURZQ�DWRPV����E��%ULJKW�)LHOG�
7UDQVPLVVLRQ� HOHFWURQ� PLFURVFRSH� �7(0�� PLFURJUDSK� RI� WKH� &URVV�VHFWLRQ� RI� WKH� GHYLFH� VWUXFWXUH��
&RPSDULVRQ�,�9�RI�WKH�WZR�W\SHV�RI�GHYLFHV�ZLWK�DQG�ZLWKRXW�6Q�LQWHUFDODWLRQ���F��0HDVXUHG�DEVRUSWLRQ�
VSHFWUXP� RI� D� 6Q�LQWHUFDODWHG� 0R6�� GHYLFH� �UHG� OLQH�� DQG� WKH� SULVWLQH� 0R6�� GHYLFH� �EOXH� OLQH���
�G��$EVRUSWLRQ�VSHFWUD�DQG��H��((/6�VSHFWUD�RI�0R6��6Q0/��UHG�OLQH���EXON�0R6���EOXH�OLQH��DQG�WKH�
LVRODWHG� 6Q� PRQROD\HU� �JUHHQ� OLQH�� FDOFXODWHG� XVLQJ� WKH� K\EULG� +6(� IXQFWLRQDO� �VHH� &RPSXWDWLRQDO�
0HWKRGV�LQ�6,���3ODVPRQLF�IHDWXUHV�LQ�WKH�((/6�VSHFWUXP�RI�0R6��6Q0/�DUH�KLJKOLJKWHG�ZLWK�DUURZV���
�I��/RZ�ORVV�((/6�VSHFWUXP�REWDLQHG�IURP�WKH�6Q�LQWHUFDODWHG�0R6��VDPSOH��

7KH�LPSDFW�RI�6Q�LQWHUFDODWLRQ�RQ�WKH�RSWLFDO�SURSHUWLHV�RI�0R6��LV�LQIHUUHG�IURP�WKH�PHDVXUHG�
DQG� FDOFXODWHG� RSWLFDO� DEVRUSWLRQ� �)LJXUH� �F� DQG� �G��� 7KH�PHDVXUHG� DEVRUSWLRQ� VSHFWUD� RI�
SULVWLQH�DQG�6Q�LQWHUFDODWHG�0R6���)LJXUH��F��FURVV�DW�a�����H9��ZKLFK�LV�FORVH�WR�WKH��LQGLUHFW��
EDQGJDS�RI�EXON�0R6�����7KH�6Q�LQWHUFDODWHG�0R6��VDPSOHV�DOVR�GLVSOD\�D�VKDUS�LQFUHDVH�LQ�
DEVRUSWLRQ�DW�ORZHU�HQHUJLHV��ZKLFK�LV�TXDOLWDWLYHO\�FRQVLVWHQW�ZLWK�WKH�FDOFXODWHG�DEVRUSWLRQ�
VSHFWUXP� IRU� EXON�0R6��ZLWK� DQ� LQWHUFDODWHG�6Q�PRQROD\HU� �0R6��6Q0/��)LJXUH� �G��� 7KH�
HOHFWURQ�HQHUJ\�ORVV��((/6��VSHFWUD��)LJXUH��H�DQG��I��FOHDUO\�VKRZ�D�SULPDU\�SHDN�DW�a����H9�
IRU� WKH� 6Q�LQWHUFDODWHG� 0R6�� VDPSOHV�� WKLV� SHDN� LV� FORVH� LQ� HQHUJ\� WR� WKH� H[SHULPHQWDOO\�
PHDVXUHG�H[FLWRQ�RI�0R6�����DQG��PRUHRYHU��LV�FDOFXODWHG�WR�EH�FORVH�LQ�HQHUJ\�WR�WKH�VLQJOH�
SDUWLFOH� H[FLWDWLRQ� HQHUJLHV� RI� ERWK� EXON�0R6�� DQG� WKH� 6Q� PRQROD\HU� �VHH� )LJXUH� 6���� ,Q�
DGGLWLRQ�� VHYHUDO� ZHDN� HQHUJ\�ORVV� IHDWXUHV� DSSHDU� FRQVLVWHQWO\� LQ� RXU�PHDVXUHPHQWV� �JUH\�
GDVKHG�OLQHV�LQ�)LJXUH��I��DQG�')7�FDOFXODWLRQV��)LJXUH��H���,Q�SDUWLFXODU��WKH�')7�FDOFXODWLRQV�
LQGLFDWH�WKDW�WKH�VKRXOGHU�LQ�WKH�((/6�VSHFWUXP�QHDU�����H9�LV�SODVPRQLF�LQ�QDWXUH��DV�LV�WKH�
SHDN�QHDU�����H9��VHH�)LJXUH�6����7KHVH�IHDWXUHV�DUH�HQWLUHO\�DEVHQW²HLWKHU�DV�FROOHFWLYH�RU�
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VLQJOH�SDUWLFOH�H[FLWDWLRQV²IURP�WKH�FDOFXODWHG�((/6�RI�EXON�0R6���WKXV�LQGLFDWLQJ�WKDW�WKHVH�
SODVPRQV� DUH� DQ�HPHUJHQW� SURSHUW\� RI� WKH� K\EULG�PDWHULDO� IRUPHG� XSRQ�6Q� LQWHUFDODWLRQ� LQ�
0R6���$�PRUH�VRSKLVWLFDWHG�DQDO\VLV�RI�VLQJOH�SDUWLFOH�YHUVXV�FROOHFWLYH�H[FLWDWLRQV�EH\RQG�WKH�
LQGHSHQGHQW�SDUWLFOH� SLFWXUH� ���� ��� LV� EH\RQG� WKH� VFRSH� RI� WKLV� ZRUN� DQG� ZLOO� EH� SXUVXHG�
HOVHZKHUH��

,Q�RUGHU�WR�XQGHUVWDQG�WKH�RSWRHOHFWURQLF�SURSHUWLHV�RI�6Q�LQWHUFDODWHG�0R6���ZH�IDEULFDWHG�D�
GLRGH�RQ�D�S�6L�VXEVWUDWH��VHH�JUDSKLFDO�LOOXVWUDWLRQ�LQ�)LJXUH��D�DQG�GHYLFH�FURVV�VHFWLRQ�LQ�
)LJXUH��E��ZLWK�D�WRS�FRQWDFW�RI�VHPL�WUDQVSDUHQW�,72��7KH�GHWDLOV�RI�WKH�IDEULFDWLRQ�FDQ�EH�
IRXQG�LQ�WKH�0HWKRGV�VHFWLRQ��7KH�PRQRFKURPDWLF������QP��SKRWRFXUUHQW�DQG�UHVSRQVLYLW\��WKH�
UDWLR�RI�SKRWRFXUUHQW�WR�LOOXPLQDWLRQ�SRZHU��DV�D�IXQFWLRQ�RI�LOOXPLQDWLRQ�SRZHU�DUH�FRPSDUHG�
V\VWHPDWLFDOO\�EHWZHHQ�WKH�FDVHV�RI�SULVWLQH�0R6��DQG�6Q�LQWHUFDODWHG�0R6��LQ�)LJXUH��D��7KH�
SHFXOLDU� QRQ�PRQRWRQLF� WUHQG� RI� WKH� UHVSRQVLYLW\� ZLWK� UHVSHFW� WR� WKH� SRZHU� �)LJXUH� �D��
VXJJHVWV�WKH�SRVVLELOLW\�RI�VRPH�WKHUPDO�VWLPXODWLRQ�RI�WKH�SKRWRUHVSRQVH��&RPSOHPHQWLQJ�WKH�
ODWWHU�REVHUYDWLRQ�RI�WKH�UHVSRQVLYLW\��WKH�SKRWRFRQGXFWLYH�VSHFWUDO�UHVSRQVH�RI�WKH�LQWHUFDODWHG�
GHYLFH��)LJXUH��E��VKRZV�DQ�DGGLWLRQDO�EURDG�SHDN�DW�̱ ͳǤ͵�Ɋ��IROORZHG�E\�D�EURDGHU�VLJQDWXUH�
WKDW�H[WHQGV�WRZDUGV�WKH�PLG�LQIUDUHG��7KLV�EHKDYLRU�DOLJQV�ZHOO�ZLWK�WKH�FDOFXODWHG�DEVRUSWLRQ�
DQG�((/6�VSHFWUD��)LJXUH��G���H���,QLWLDOO\��WKH�SULVWLQH�0R6��GHYLFH�DOUHDG\�IHDWXUHV�D�VL]DEOH�
SKRWRFRQGXFWLYH� JDLQ� WKDW� LV� DWWULEXWHG� WR� WKH� RULHQWDWLRQ� RI� WKH� FU\VWDO��� DQG� ZLWK� KRW�
SKRWRFDUULHUV�JHQHUDWHG�DW�VKDOORZ�GHIHFWV�RI�GLVORFDWLRQV�DQG�JUDLQ�ERXQGDULHV��:H�DWWULEXWH�
WKH�HQKDQFHG�SKRWRFRQGXFWLYH�JDLQ�DQG�LQIUDUHG�HQKDQFHPHQW�WR�WKH�FRQILQHG�6Q�0R6��06,��
7KHVH� K\EULG�06,� VWDWHV� H[WHQG� IURP� WKH� EDQG� HGJHV� RI� SULVWLQH�0R6��� HQDEOLQJ� HIILFLHQW�
LRQL]DWLRQ�RI�FDUULHUV�IURP�PHWDO�K\EULG�VWDWHV�LQWR�WKH�FRQGXFWLRQ�EDQG�XSRQ�RSWLFDO�H[FLWDWLRQ��
,QWHUHVWLQJO\�� ZH� REVHUYH� D� QRQ�PRQRWRQLF� UHODWLRQ� RI� WKH� UHVSRQVLYLW\� ZLWK� UHVSHFW� WR� WKH�
LQFLGHQW� LOOXPLQDWLRQ�SRZHU� �)LJXUH��D��� LQGLFDWLYH�RI�D�JDLQ�PHFKDQLVP� LQYROYLQJ� WKHUPDO�
HIIHFWV�WKDW�LV�DUH�OLQH�ZLWK�WKH�FKDUDFWHU�RI�PHWDOOLF�6Q�FOXVWHUV� 

��

�

)LJXUH�����D��5HVSRQVLYLW\�DV�D�IXQFWLRQ�RI�LQFLGHQW�SRZHU�RI�WKH�6Q�LQWHUFDODWHG�0R6��GHYLFH��UHG�OLQH��
DQG�WKH�SULVWLQH�0R6��GHYLFH��EOXH�OLQH��XQGHU�LOOXPLQDWLRQ�RI�����QP�DW�D�UHYHUVH�ELDV�RI� ��9��,QVHW��
'HSHQGHQFH� RI� SKRWRFXUUHQW� RQ� LQFLGHQW� SRZHU� DW� ZDYHOHQJWK� RI� ���� QP��� �E�� 5HVSRQVLYLW\� YV��
ZDYHOHQJWK�RI�WKH�6Q�LQWHUFDODWHG�0R6��GHYLFH��UHG�OLQH��DQG�WKH�SULVWLQH�0R6��GHYLFH��EOXH�OLQH����F��
*DLQ�YV��ZDYHOHQJWK�RI�WKH�6Q�LQWHUFDODWHG�0R6��GHYLFH��UHG�OLQH��DQG�WKH�SULVWLQH�0R6��GHYLFH��EOXH�
OLQH���

7KH�LQWHUQDO�TXDQWXP�HIILFLHQF\��,4(���L�H���WKH�VSHFWUDO�SKRWRFRQGXFWLYH�JDLQ�RI�WKH�GHYLFHV�LV�
GLVSOD\HG� LQ�)LJXUH� �F��6LQFH� WKH� XSSHU� ERXQG� RI� ,4(� LV� XQLW\��ZH� DWWULEXWH� WKH� H[FHVV� RI�
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electrons collected per photon to a photoconductive gain. The photoconductive gain (Figure 
3c) in the 0.7–1.1µm wavelength range attains peak values of ~400 and ~1400 for the pristine 
and Sn-intercalated MoS2 devices, respectively. Considering the response time of the devices 
(~ 10 µs) and their IR-extended spectral response, we attribute the observed photoconductive 
gain to internal photoemission processes from the newly-formed Sn-MoS2 MSIs. The 
magnitude of HC injection is proportional to their mean free path, scaling as 𝜆𝑒𝑙(𝐸) ∝ 1

𝐸2, where 
𝜆𝑒𝑙 is the electron mean free path and 𝐸 is the electron thermal energy, ranging from 0 to ℏ𝜔 
(the exciting photon energy). 15, 28, 29  However, unlike the case of Schottky diodes, where a 
threshold energy exists for HC injection (the barrier height),30, 31 here the MSI geometry is 
parallel to the applied electric field such that the HC can drift without having to overcome an 
energy barrier across the MSI. Furthermore, the interface length scale is orders of magnitude 
shorter than the mean free path of HCs, resulting in efficient collection of the photocurrent 
below the MoS2 bandgap.   

Table 1. Comparison of the characteristics of Si/MoS2 photodetectors reported in this work and those in 

previous reports (VA – vertically-aligned). 

 

Table 1 outlines a comparative survey of Si-MoS2 photodetector device performances. The 
maximal photoresponsivity reported here, 467 A/W, is found to be higher than most other 
devices and its characteristic response time is of ~12 µs. This enhancement can be 
technologically beneficial for night-vision image intensifiers, working at low-light levels 45. 
Traditionally, image intensifiers are based on intensifying tubes that convert scene photons to 
electrons on a photocathode; the electrons are multiplied via a multi-channel plate (MCP) and 
are accelerated to produce an enhanced image of the scene on a phosphorus screen. The 
intercalation-enhanced photodetectors may be good candidate technology for the core elements 

Device  Responsivity 
(A/W) 

Wavelength 
(nm) 

Response Time  
(rise/fall)   

Ref. 

Si/ Sn- VA-
MoS2 

0.26-467  
𝑚𝑎𝑥: 467 

450-1600 
966 

13.4/12.1  µs   
 This work 

Si/ VA-MoS2 
117-0.07 450-1180 5.2/1.2  µs   

 This work 𝑚𝑎𝑥: 117 486 
Si/ Cu- VA-

MoS2 
1301-46  485-1100 16.7/11.2 µs  3 𝑚𝑎𝑥: 4.2 × 104 323 

Si/VA-MoS2 8.75 580 10/19  µs 32 
Si/VA-MoS2 0.3 808 3/40  µs 33 
Si/VA-MoS2 0.908 808 56/825 ns 34 
Si/VA-MoS2 7.37 532 - 35 
Si/VA-MoS2 0.03 455 38.78/43.07 36 
Si/VA-MoS2 0.654 980 2.1/173.8   µs 37 
Si/VA-MoS2 49.31 800 80/79 ms 38 
Single-layer 
MoS2 FET 

880  561 4/9 s 39 

Si/ Single-
layer MoS2 

7.2 365 50/50 ms 40 

Si/Few-layers-
MoS2 

76.1 660 >50/48.9 s 41 

Si/ Thin Film-
MoS2 

23.1 780 21.6/65.5  µs 42 

Si/Multilayer 
MoS2 

11.9 650 30.5/71.6  µs 43 

Si/MoS2 Q.D. 2.8 514 - 44 
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of VIS to NIR image intensifiers, replacing bulky tubes with compact color vision. The high 
performance within the NIR part of the spectrum could also allow for extra imaging capabilities 
under low-light (photon counting) scenarios, even on moonless nights due to the atmospheric 
night glow phenomena. In addition, the NIR band is most suitable for imaging and analysis of 
high vegetation terrain (e.g. forests, agricultural fields).   

Conclusions  

In summary, we studied the electrical and optical properties of atomic metal-semiconductor 
interfaces achieved by Sn intercalation in MoS2. We found that Sn-intercalated MoS2 remains 
semiconducting and maintains the original 2H crystal phase of the host (MoS2). The effect of 
intercalation on the optoelectronic properties was inferred by the measured photoresponse of 
Sn-intercalated MoS2 photodiodes and two main features were observed: (i) non-monotonic 
relation of responsivity to incident power, and (ii) extension of the spectral response towards 
the mid-IR, far beyond the bandgap (1.2 eV) of non-intercalated MoS2. We attribute both 
observations to the efficient injection of hot electrons 6, 7 and internal photoemission from mid-
gap hybrid metal-semiconductor interface states to the conduction band of MoS2. 
 
Methods 
 
Sample preparation 
The fabrication of CVD-grown MoS2 – Si diodes is described in detail in Ref 3, 46. Zerovalent 
Sn atoms were intercalated into the vdW gaps between the layers of VA-MoS2 by a wet 
chemical process 47. Briefly, 0.01 g of stannous chloride and 0.1g tartaric acid (Millipore-
Sigma) was added to 5 mL acetone (Millipore-Sigma) in a round-bottom flask attached to a 
Liebig reflux condenser. The solution was brought almost to reflux at 48oC. The substrate was 
placed into the solution in the round-bottom flask. The solution was allowed to sit just below 
reflux for 4 hours, whereupon it was removed and rinsed with acetone several times. ITO and 
Metal contacts were finally deposited after patterning with e-beam lithography. 
 
Sample characterization 
 
Raman Spectroscopy  
Raman spectra were obtained using a Horiba Scientific Labram HR Evolution equipped using 
O = 532 nm, solid state excitation laser, output power tuned to 0.2 mW and an optical 
microscope. The laser excitation propagated parallel to the crystal c-axis with linear 
polarization. A 50× objective lens was used to focus the laser and collect the Raman scattered 
light, and a 1800 groove per mm grating was chosen for spectrum acquisition. 
 
  
FIB, HRTEM and STEM-EDS  

Site-specific, cross-section FIB prepared TEM lamellae were imaged using a Probe corrected 
FEI Titan G2 ChemiSTEM TEM equipped with a Super-X EDX System, which comprises of 
four windowless silicon drift detectors of 120 mm2 size, having an overall energy resolution 
better than 140 eV.  The microscope is mounted with a Gatan 994 UltraScan 4K CCD camera, 
and the system has a point resolution better than 0.24 nm in the TEM mode and 80 pm in the 
STEM mode at 200kV accelerating voltage. The samples were imaged both in TEM and STEM 
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modes as well as analyzed using STEM-EDS. To avoid any stray Sn signals in the EDS spectra, 
appropriate care was taken and Molybdenum grids, rings and clips were used for loading the 
sample in the TEM holder.  

The EDS data were acquired and analyzed using the Bruker QUANTAX Esprit 1.9 software. 
The elemental quantification was performed using the Cliff-Lorimer method with the same 
software.  

EELS was performed using a probe-corrected Jeol JEM-ARM200F with a cold FEG source 
and a Gatan GIF QUANTUM spectrometer. The spectra were acquired with an energy 
dispersion of 0.025 eV/channel, using 2.5 mm entrance aperture. 

Photoconductivity Measurements 
The monochromatic measurements were carried out at ambient conditions under illumination 
of a collimated 850 nm  LED3. Spectral responsivity and photocurrent were obtained by 
connecting the devices to an external detector socket of a Thermo Fisher Scientific Nicolet-
iS50R. In order to obtain the Quartz-Halogen source black-body radiation curve, the source 
was measured using a DTGS detector. The device photocurrent spectrum was normalized to 
the source black-body curve to obtain the device’s responsivity curve.  
 

Computational Methods 
Density functional theory (DFT) calculations were performed using the Vienna Ab Initio 
Simulation Package (VASP) 48, 49 . The projector-augmented wave method 50, 51 was used to 
describe core and valence electrons, and electron exchange and correlation was modeled using 
the Perdew-Burke-Ernzerhof (PBE) generalized-gradient approximation 52. The kinetic energy 
cutoff was set to 400 eV. Gaussian smearing of 0.05 eV was used for Brillouin zone 
integrations. All structural models were optimized using the conjugate-gradient method with a 
force tolerance of 0.01 eV/Å and an energy tolerance of 10-4 eV. Both atomic positions and cell 
vectors were relaxed during structural optimization. To model the intercalation of Sn clusters 
in bulk 2H-MoS2, 4 × 4 × 1 MoS2 supercells were employed; intercalation of the Sn monolayer 
was modeled using a single (1 × 1 × 1) unit cell of bulk 2H-MoS2. Van der Waals interactions 
were modeled using the DFT-D3 method of Grimme et al. 53 Brillouin zones of the supercells 
were sampled using sufficiently dense 4 × 4 × 2 Γ-centered k-point meshes; 16 × 16 × 3 and 
16 × 16 × 2 Γ-centered k-point meshes were used for the bulk MoS2 primitive cell Sn-
intercalated MoS2 primitive cell, respectively. As semilocal functionals underestimate 
fundamental gaps, electronic structure and optical properties were calculated using the hybrid 
Heyd-Scuseria-Ernzerhof (HSE06)54 functional. HSE calculations were performed using 
PBE+D3-relaxed SnxMoS2 structures (without spin-orbit coupling), as structural relaxation of 
these supercells with HSE is prohibitive. Electronic energies were converged to 10-6 eV for 
calculating of optical properties. Additional details of optical calculations are provided in the 
supporting information. 
 

Spectral measurements and calibration 

Reflection measurements: 

Reflection spectra were obtained using a Thermo Fisher Scientific Nicolet iS50R  
µFTIR. Spectral range was set to 9,000-27,000 cm-1 using a Quartz-Halogen (27000-2000 cm-

1) source, a Quartz beam splitter and a Silicon detector. Aperture size was set to fit the devices 
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aperture. A 15× objective lens was used to focus light and collect spectra from both a silver 
mirror as the background and the devices as the sample.  
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S2. Electron Dispersive X-Ray Spectra 

 

 

Figure S2. EDS Spectra acquired from the region within the layer of the MoS2 showing Mo, S 

and Sn. The y-axis has been amplified 1000 times after 19keV (x-axis). It shows the presence 

of Sn in the MoS2 layer. Cu signal is noted from the Cu grid that has been used to mount the 

sample. 
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S3. Raman Shift Characterization 
Raman spectra taken before and after intercalation show only small difference as presented in 

Figure S3. 

 

 
 

Figure S3. Raman spectra of MoS2 before (blue line) and after intercalation zero-valent Sn 

atoms (red line) showing characteristic spectra of 2H-MoS2.  
 

Raman spectra were taken at a parallel geometry between the laser line and the c-axis of the 

crystal with linearly polarized light display the expected modes of 2H-MoS2, including an E12g 

mode at ~383 cm-1 that corresponds to an in-plane stretch and an A1g mode at ~410 cm-1 that 

corresponds to an out-of-plane breathing mode 1. The increase in the Raman wave shift with 

intercalation is consistent with optical phonon stiffening and has been observed in other 

intercalated systems 2, 3.  
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S5. Density functional theory modeling 
Structural characterization 

Density functional theory (DFT) calculations were performed to gain further insights into the 

structural and electronic properties of the Sn-intercalated MoS2 structures (Figure S5). 

 

 
Figure S5. Structural models of (a) two Sn atoms cluster (Sn2Cluster), (b) four Sn atoms cluster 

(Sn4Cluster) and (c) a Sn monolayer (SnML) intercalated within a single vdW gap of bulk MoS2. 

One of the layers has been removed in the top views to show the intercalated Sn cluster/layer 

clearly. In (a) and (b), the computational supercell is indicated by solid lines; in (c) the 

computational unit cell consists of a single Sn atom within a vdW gap of a 1x1 cell of bulk 

MoS2 – a 4x4 supercell of MoS2+SnML is displayed for clarity. (d) Density of states (DOS) of 

MoS2+Sn2Cluster , MoS2+Sn4Cluster and MoS2+SnML models calculated with the HSE functional; 

the total DOS (blue lines) is further decomposed into contributions from MoS2 (orange lines) 

and Sn (green lines). 
 
At low concentrations, individual Sn atoms bind to basal-plane sulfur atoms from both 

adjoining layers and are octahedrally coordinated. With increasing concentration, the Sn atoms 

tend to form clusters within the vdW gap (Figure S5a, S5b), ultimately forming continuous Sn 

(111) monolayers (Figure S5b), in agreement with the experimental observations wherein we 

see partial to complete layers of Sn intercalated within the MoS2 vdW gap. The energetic cost 

of Sn intercalation (per atom), Eint, can be calculated as  

𝐸𝑖𝑛𝑡 = 1
𝑛𝑥

 (𝐸𝑆𝑛𝑥𝑀𝑜𝑆2 − 𝐸𝑀𝑜𝑆2 − 𝑛𝑥𝐸𝑆𝑛,𝑏𝑢𝑙𝑘), (1) 
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where 𝑥 is the fraction of intercalated Sn in the SnxMoS2 structure and 𝑛𝑥 is the total number 

of Sn atoms; 𝐸𝑆𝑛𝑥𝑀𝑜𝑆2, 𝐸𝑀𝑜𝑆2 and 𝐸𝑆𝑛,𝑏𝑢𝑙𝑘 are the 0K DFT energies of SnxMoS2, pristine MoS2, 

and a single Sn atom (bulk face-centered diamond cubic structure), respectively. As seen from 

Figure S4a, the intercalation energy is high at the outset (low Sn concentration) but decreases 

rapidly with increasing Sn intercalation, going from >3 eV/atom to ~0.5 eV/atom for a 

complete monolayer. This observation is largely similar to our prior findings for Cu 

intercalation in MoS2 4: however, a key difference is that the intercalation energy for Cu 

decreases continuously whereas it rapidly saturates to a near-constant value within a few atomic 

percent intercalation of Sn. We ascribe this difference to the larger atomic size of Sn, as 

compared to Cu; such that once a small fraction of Sn atoms is “wedged” into the MoS2 vdW 

gap, the intercalation of additional Sn becomes relatively facile. This intuition is also borne out 

by the expansion of the interlayer spacing (Figure S4) which rapidly increases from 6.17 Å in 

pristine MoS2 and saturates to 7.4–7.5 Å within a few atomic percent of Sn being intercalated; 

in contrast, the interlayer spacing was found to increase continuously for Cu intercalation 4 . 

 

The electronic density of states of the SnxMoS2 models are displayed in Figure S5d from which 

we notice two key features: (a) a shift in the Fermi level towards the conduction band edge of 

MoS2 (n doping ~1022 e-/cm3 for the Sn monolayer), and (b) the emergence of gap states within 

the MoS2 band gap that have contributions from both the MoS2 layers and the intercalated Sn 

clusters/layer. At lower concentrations of intercalated Sn (Sn2 cluster), the gaps states appear 

mid-gap; with increasing Sn intercalation (Sn4 cluster) these gap states begin to merge 

gradually with the band edges. Once the intercalated Sn forms a complete monolayer, we 

observe a significant density of states within the original MoS2 band gap—some of these 

additional states appear as sharp resonances while others appear as a broader continuum; it is 

noteworthy that the overall hybrid structure is still semiconducting with a small gap ~0.1 eV 

visible at the conduction band edge (Figure S5d). 

 

Optical properties 

The frequency-dependent dielectric functions of various SnxMoS2 models were calculated 

within the independent-particle approximation. To converge the low-energy features we used 

denser k-point meshes of 30 × 30 × 2 for MoS2+SnML and 50 × 50 × 1 for SnML. The Fock 

operator was reduced by a factor of two in plane to accelerate the calculations without loss of 

accuracy. Figure S6 displays the real (𝜀1) and imaginary (𝜀2) components of the dielectric 
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function as well as the EELS spectra for MoS2+SnML, bulk MoS2, and SnML. The structural 

model for SnML was created by freezing the Sn atoms at their equilibrium positions in the 

MoS2+SnML model and eliminating the MoS2. This fictitious configuration, while not the 

ground state of a Sn monolayer, allows us to probe more directly the contribution of the Sn 

atoms to the overall optical response of the hybrid structure. Plasmonic features in the EELS 

spectrum are identified by associating them with zero crossings with positive slope of 𝜀1.5–8 As 

seen from Figure S6, there are weak plasmonic features that appear as shoulders in the EELS 

spectrum of MoS2+SnML: the more prominent of these features is near 1.1 eV while a less 

prominent one occurs close to 1.6 eV. It should be noted that there are no such plasmonic 

features in the EELS spectra of bulk MoS2 within the same energy window (0.5–2.6 eV), thus 

clearly indicating that the plasmons of MoS2+SnML are an emergent property of the hybrid 

material. 

 

 

 

Figure S6. Calculated dielectric functions and EELS for MoS2+SnML (top), bulk MoS2 

(middle) and constrained SnML (bottom). Vertical dashed lines correlate zero crossings with 

positive slope of 𝜀1 with plasmonic features in the EELS spectrum. Only the low energy part 

of the spectrum is plotted here to display and compare the plasmonic features of interest.   
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